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DARPA-NRL LASER PROGRAM 

SEMIANNUAL TECHNICAL REPORT 
TO DEFENSE ADVANCED RESEARCH PROJECTS AGENCY 

1 July 1975 to 31 December 1975 

CHEMICAL INFRARED LASERS 

1. Pulsed HC1 Chemical Laser 

The initial small-scale experiments to evaluate fuels for pulsed 

HCl chemical lasers have been described previously.    During this 

period the effort has been directed toward the testing of the best 

candidates in a larger volume e-beam sustainer apparatus. 

As a result of difficulties which arose (see later) in the 

electrically-excited HCl laser studies, the progress to date has been 

entirely in the design and construction of an improved laser chamber. 

This chamber is made from monel to miniinize attack by HCl, includes 

features to allow uniform cooling of the gases and allows extensive 

diagnostics of the e-beam characteristics. 

Since it is also anticipated that rare-gas halide laser systems 

will be studied in this apparatus, safety features necessary for the 

use and disposal of fluorine have been installed. 

The chamber fabrication is nearing completion and will be installed 

in the next several weeks.  After beam diagnostic studies, experiments 

related to pulsed HCl laser systems will be undertaken. 

2. Polyatomic Energy Transfer 

During this reporting period, efforts were continued to measure 

vibrational energy transfer (V-V) rates in polyatomic molecules. Most 

of the essential apparatus was on hand prior to July and has been 



dtscrtbed previously.  However, the detectors available were found to 

have a risetlme which wns too long to utilize the full speed of the 

nanosecond pumping pulses.  This problem was eliminated by the procure- 

ment oi a new detector from the Santa Barbara Research Corporation. 

This detector, a Ge:Hg photoconductor mounted in a Model 91A5-2HS 

high speed liquid helium dewar, was tested and found to have a response 

time better than that of the measuring system and sensitivity about 

3 
10 greater than that of the original detectors. 

The apparatus was modified to incorporate a 1,000 torr pressure 

sensing head in the sample system whicV-, in conjunction with the 10 torr 

head, permits the entire pressure range of interest to be covered without 

gas contact with mercury and maintains 4-dlgit precision.  In addition, 

a lens pair was inserted into the probe laser beam path between the 

sample cell and detector.  This arrangement increased the optical col- 

lection efficiency to nearly 100%.  The apparatus is sketched in Fig. 1. 

A shutter was placed in front of the probe laser so that the 

sample and detector were illuminated for only several milliseconds 

before and after the arrival of the pumping pulse.  This reduces the 

boil-off rate of liquid helium in the detector dewar, minimizes heating 

effects in the sample, and provides a trigger signal to the nanosecond 

ser. 

Energy transfer data were obtained oy pumping SF, with a 2  ns 

pulse (FWHM) of C0„ P(20) radiation while probing with any C0? transi- 

tion from P(20) to P(36).  These probe measurements indicate the 



presence of molecules In excited levels other than the y = 1 level 

which Is filled hy the pumping pulse.  Because the results Indicated 

a  very fast nonexponential rlsetime which did not get faster as the 

gas pressure was increased, it was thought that perhaps the transit 

time through the 76 cm long cell could he a limitation.  This possi- 

bility was rejected w*<en substitution of a 10 cm long cell produced 

identical results.  A schematic energy level diagrati of the double 

resonance effect is shown in Fig. 2. 

The measured transmission intensities were not exponential but 

were almost linerr over most of their duration.  While the amplitude 

varied with gas -iressure, the shape of the absorption curve was invari- 

ant with pressure and mixture composition and was observed to be an 

integral of the pumping laser pulse Itself.  This is illustrated in 

Fig. 3a, which shows the double resonance signal when probing on ■.'',- 

P(28) line of the CCL 10 p transition.  For comparison, a trace of a 

pumping pulse as well as the detector's response to a small fraction 

of such a pulse were obtained on previous "shots" and are shown in 

Fig- A. 

For the double resonance signal to be an integral of the pumping 

pulse nearly steady state pumping conditions must exis;, i.e., the 

lower pumped level must be replenished, and the upper pumped level 

depleted at a high enough rate so that saturation effects do not become 

important. The onset of saturation would be seen by the dosble-reso- 

nance signal ceasing to rise before the end of the pulse. Another 

indication that saturation is not reached is illustrated in Fig. 3b, 



which shows the double resonance signal obtained by probing the pumped 

transition.  There is In this case a rapid rise in transmission followed 

by a return to equilibrium, due predominantly to rotational relaxation 

of the ground state, at a rate (t ■ 2.9 ns) near the detector's own 

recovery rate.  Under the conditions of the exp' iment this gives a 

9-1    -1 value ot - 3 x 10 s  torr  as the rate at which the lower level 

being pumped returns to equilibrium.  A lower limit to the rate at 

which molecules in the upper pumped levels undergo energy transfer md 

appear in the excited vibrational manifold is 10  s  torr  , which 

is 10 times the gas kinetic collision rate. 

This extre- f»ly fast V-V energy transfer rate is difficult to 

explain In the framework of conventional theories of energy transfer. 

The most reasonable explanation is ..hat the high infrared fields cause 

sufficient mixing of the wavefunctions of the vibrational fundamentals 

of SF, that they are effectively coupled together.  The high density 
o 

of vibrational levels near 1,000 cm  and above presumably contribute 

to this effect while the lower lying fundamental and overtone levels 

of SF have considerable population at 300 K.  High resolution diode- 

laser spectra show that the highly overlapped absorption features give 

rise to a continuum which underlies the discrete, highly complex ground 

state absorption features.  A theoretical approach to energy transfer 

is needed which takes these aspects of the problem into account. 

Experiments to further investigate this intriguing phenomenon are 

continuing. 

.    -T-T-r- 



In December! progress was being made toward creating a low power 

laser absorption apparatus for the purpose of measuring absorption 

coefficients of molecular gases at CO laser wavelengths.  This measure- 

ment will identify molecules which may be useful in an isolation cell 

of a multistage CO laser oscillator-amplifier system.  A lock-in 

amplifier with a ratio electronics option was purchased and finally 

accepted after adjustments by the manufacturer.  This lock-in with 

ratio option Is to be the primary instrument in the absorption measure- 

ments, since It can compensate fur laser power variation and yield 

percent transmission data directly.  Much of the rest of the apparatus 

was on hand and fabrication of the remaining pieces is rearing comple- 

tion.  It is estimated that final assembly will be completed in one 

month and that preliminary experiments with a variety of molecules 

will begin at that time. 

One other effort, related to that mentioned above, was begun in 

December.  This is the construction of a gas handling apparatus in 

which the mixed deuterium isotopes of ammonia, NHD and NH9D can be 

synthtsized.  These molecules will be studied as possible gain sup- 

pressors in large, high gain, C0„ laser ciinplifiers.  Construction and 

testing were nearly complete ^y the end of the month.  Synthesis and 

evaluation of the products will begin soon after testing is complete. 
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Fig. 2 — Energy lovel diagram of SF6.  The double arrow represents 
pumping by the nanosecond laser.  The levels in the upper right hand 
part of the diagram are in rapid equilibrium with each other.  The 
V-T relaxation step occurs on a microsecond time scale and does not 
concern us here. 
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Fig. 3 — Infrared double resonance signals.   (A) probed at P(28), horizontal axis 
2 ns/div; (B) probed at P{20), horizontal axis 2 ns/div.  The indicated intensity 
is that reaching the detector, so that A indicates induced abosrption in the sam- 
ple, while B shows partial saturation of the transition being pumped. 
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ELECTRICAL INFRARED LASERS 

1.  Electric Discharge Gasdynamic Lasers 

In the Electric Discharge Gasdynamic Laser (EDGDL) facility, 

experiments are aimed at producing new and efficient cw electrical 

lasers. While primary interest is in the 3-5 micron region, 

potential new lasers in other regions of the infrared are also 

being investigated.  Since several attractive candidate molecules 

have not been made to läse by direct electron impact, attempts 

are being made to produce inversions by energy transfer from 

selected diatomic molecules (deuterium, hydrogen, nitrogen or 

carbon monoxide) excited in an electric discharge. 

reports 

A description of the EDGDL facility has been given in previous 

(1-4) During this reporting period four new cw electrical 

laser systems were demonstrated. N90 was made to läse via vibrationai 

energy transfer from both CO and D^, and transfer from CO was used 

to produce both CS« and C»H lasers.  In addition, the apparatus 

was modified in order to achieve arc-free glow discharges at plenum 

pressures up to 200 torr.  The computer model for the D9-HC1 system 

has been completed and used to both explain existing data and to 

provide guidance for future experiments. 

Operating characteristics of the new laser systems are described 

in two publications '  (see Appendices 1 and 2). This work was 

10 



performed before the apparatus was modified and, therefore, utilized 

He diluent.  Because of the difficulty in maintaining a stable arc- 

free glow discharge in Argon-diatom mixtures as well as iu the CO-He 

mixtures, it was decided to modify the excitation plenum.  The 

rectangular pyrex plenum with twenty-six individually ballasted 

electrodes was redesigned and now consists of ten pyrex tubes.  At 

the downstream end of the plenum, the tubes connect into a lucite 

block which serves as a transition section to match up to the nozzle 

array.  On the upstream end the tubes extend into another lucite 

block.  Each tube is terminated by a nylon cap through which both 

the gas enters and the electrode is inserted into the tube. A pin 

which has been rounded on the end extends through the back plate of 

the lucite chamber and through the back of the nylon cap.  These pins 

are individually ballasted (200 KQ) and serve as the cathodes. 

A series of holes have been drilled into the cylindrical walls 

of the nylon caps such that they are offset from the radial direction. 

The premixed plenum gas is injected through these holes in such a 

manner as to induce a swirling flow in the gas.  This has helped to 

sustain arc-free operation and hence better laser performance. 

Using the new plenum, stable glow discharges were run in both 

argon and helium mixtures of deuterium, nitrogen, and carbon monoxide 

up to the current capacity limit (500 ma) of the power supply. 

During some of these experiments individual 8 henry chokes were 

connected in series to each pin to further prevent arcing. 

11 
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C H9 laser experiments using the new plenum produced 0.5 watts 

coupled out of the cavity through a 0.5 mm hole which has a geometric 

outcoupling of approximately 0.1 percent.  These results represent 

a five-fold increase in outcoupled power compared to the low current 

results previously reported.    The intracavity flux is of the order 

of 1 kw which demonstrates the energy storage capability of C.H . 

The computer model for the D -HC1 system prepared by Physical 

Sciences, Inc. of Ilakefield, MA, has been completed.  The model 

assumes an instantaneously mixed gas at specified conditions (pressure, 

vibrational temperatures, gas temperature, etc.) and takes into 

account the gasdynamic and kinetic proceeses that occur in uhe EDGDL. 

Two sets of computer runs have been made to date; the first set is 

to examine the potential of a D„-HC1 e-beam sustained EDGD^, operating 

from a 1 atmosphere plenum, while the second is to examine the 

predicted properties for actual experimental conditions achieved in 

the present apparatus.  Figures 5 and 6 giva predicted maximum gains 

in a given HC1 vibrational band at one atmosphere p-t^sure starting 

from initial D„ vibrational temperatures of 1250 K and 1500 K. These 

are characteristic of the D„ vibrational temperatures inferred from 

the earlier low pressure D„-C0„ gain studies   .  It should be noted 

that the rotational line for maximum gain in a given vibrational 

band changes along the flow direction of the EDGDL. Figure 7 shows 

the predicted peak gain of any individual line as a function of 

initial D„ vibrational temperature and demonstrates the desirability 

of obtaining as high an initial D vlbrational temperature as possible. 

Figures 8 and 9 show the predicted gains for a TOO torr plenum case 

12 



which is close to conditions actually run in the EDGDL with initial 

D9 vibrational temperatures of 1250 K and 1500 K.  For the 1500 K 

temperature case the predicted gain is sufficient to sustain laslng 

in the EDGDL, while for the 1250 K case, lasing would be marginal. 

Subject to the 500 ma limit of the power supply, experiments were 

performed both at 160 torr and 198 torr plenum pressures and HC1 

fluorescence was monitored at wavelengths greater than 4,1 microns. 

The fluorescence from the lower plenum pressure experiments was the 

greater, from which it is inferred that insufficient current was 

available to excite the additional D9 used in the higher plenum 

pressure case and hence that the effect of the additional D is to 

lower the effective D„ vibrational temperature.  The earlier estimate 

of a D„ vibrational temperature of 1500 K was at still lower plenum 

pressures, approximately 60 torr.  Therefore, at these elevated 

pressure (160-200 torr) and limited current conditions the vibrational 

temperatur-es achieved would appear to be substantially lower than 

1500 K and hence preclude lasing. 

In order to gain confidence in the model, HC1 fluorescence 

scans were taken far downstream of the nozzles to minimize any effects 

of mixing in the EDGDL.  The measured fluorescence was found to 

qualitatively follow the predictions of the model. 

In order to increase the D vibrational temperature two 

experimental approaches will be taken. The first will be to attempt 

to lower the ballast resistance on each pin so that a lower voltage 

but higher current (6 amps) power supply can be used. The second 

will be to use an e-beam sustained discharge. A sustainer chamber has 

13 
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been fitted to the e-beam and voltage breakdown experiments performed. 

For the mixtures of interest, the E/N predicted for optimum vibra- 

tional excitation are achievable. 

Present plans call for improving the discharge in order to 

increase the plenum vibrational temperature. Nozzles will be 

designed and fabricated to use with tha  e-beam sustained discharge 

in order to operate at higher plenum prossures.  With the present 

apparatus further study in order to better characterize the previously 

demonstrated laser systems will be performed in addition to undertaking 

the investigation of several new potential cw laser systems. 
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2.  E-Beam Sustatner Pumped HCl Laser 

The objective of the HCl pulsed electrical infrared laser program 

for this reporting period was to determine if the ~17o/cm gain pre- 

dicted by a kinetic model of the e-beam sustainer pumped HCl system 

could be observed.  Negative results encountered in these experiments 

indicated that at least one, and possibly more, important processes 

not included in the kinetic model strongly influenced the electrical 

behavior of the discharge.  This prompted a series of experiments to 

be conducted to quantitatively characterize the performance of the 

NRL Maxwell cold cathode e-beam/sustainer. These measurements were 

made both with and without gases for which the transport properties 

are known in the discharge chamber. The results of these experiments 

indicated that this partirular program should be terminated and 

established important guidelines for the implementation of any 

similar program in the future. 

2.1 Kinetic Model Calculations 

a.  Electron-HCl Cross Sections 

Early in this reporting period efforts to generate an accurate 

set of electron-HCl colllsional interaction cross-sections and to 

use these cross-sections as input to a kinetic model of the proposed 

HCl electric discharge laser produced significant results.  In con- 

junction with the experimental stuay being conducted at NRL the 

electron-HCl transport data of Bailey and Duncanson   was used 

by Physical Sciences Incorporated (PSI) to construct a self-consistenc 

set of cross sections for HCl. From the Bailey and Duncanson 

20 
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data It Is possible to obtain an estimate of the electron drift 

velocity v, and characteristic electron energy e„ as a function of 

(2) 
the Townsend parameter E/N  .  This swarm data can then be used in 

(3) the Frost and Phelps   analytical method to solve the Boltzmann 

equation for the HC1 cross sections.  Table I shows the agreement 

between the drift velo ities derived from the Bailey and Duncanson 

data and those preaicted from the PSI cross section set.  Table II 

draws the same comparison for the characteristic electron energy. 

Figure 10 displays the electron-HCl cross section set that produces 

these results.  Shown in the figure are the overall momentum transfer 

cross section and the various contributions to this cross section; 

the resonant cross sections for HCl vibrational excitation into 

v = 1 and v = 2, the dissociative attachment cross section, the 

electronic excitation cross section and the icnization cross section. 

-15  -2 
The shape and magnitude (1.3 x 10   cm  peak) of the HCl (v = 1) 

vibrational excitation cross section shown in Figure 10 are those 

(4) 
reported by Rohr and Linder  .  Tnis cross section is in good agree- 

ment with the electron Impact vibrational excitation rate constant 

measurements of Center and Chen   for HCl, when their experimental 

data is corrected for the error introduced by assuming that the 

HCl(v = 1) population had reached steady state during a sustainer 

pulse of 100 microseconds  .  The HCl(v = 2) vibrational excitation 

cross section was also obtained by using the basic shape of the Rohr 

(4) 
and Linder   cross section.  The cross section was shifted to 

higher electron energies to reflect the difference between the v = 1 

threshold of 0.357 eV and the v = 2 threshold of 0.703 eV.  The 

21 
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magnitude of the major peak in the v = 2 cross section was determined 

from the height of the v = 1 peak using the 2:19 ratio that Ziesel, 

Nenner, and Schulz   had determined for this near threshold peak 

(A) 
region.  The Rohr and Linder   v = 1 and v = 2 energy loss data for 

raonoenerp^tic 3 eV electrons was used to establish the ratio of the twu 

cross sections at that energy.  This 17:4 ratio of the v - 1 to 

v = 2 cross section was assumed to hold for all electron energies 

more than 0.1 eV in excess of the v = 2 resonsnce energy at 0.703 eV. 

Although these vibrational cross sections are of primary impor- 

tance in determining the maximum gain and efficiency achievable in 

an electric discharge HC1 laser, the other cross sections calculated 

by PS1 establish the extent to which other important kinetic processes 

occur.  The cross sections for elastic scattering and rotational 

excitation determine what fraction of the energy delivered to the 

gas by the discharge will appear as gas heating as opposed to 

vibrational excitation.  Large fractional power transfer to gas 

heating degrades potential HC1 laser performance by reducing the 

rate of the anharmonic pumping process and thereby decreasing the 

partial inversion.  The dissociative attachment cross section is 

important because the dissociation products can deactivate vibra- 

tionally excited HC1 two to three hundred times more rapidly than 

the already fast HC1 self-deactivation process. 

HCl(v-l) + HC1 •* HCl(v-O) + HC1,    k = 2.4 x 10'1Acra3/sec(8) 

-12  ^    (<i\ 
HCl(v=l) + Cl  ■* HCl(v=0) + Cl,    k = 8.5 x 10  cm /secv ; 

HCl(v=l) + H  -> HCl(v=0) +  H, 
.   , ,  1frl2 3,  (10) 
k = 6.5 x 10  cm /sec  ' 

(1) 

(2) 

(3) 
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The extent of dissociative attachment at the E/N values where 

vibrational .xcltation is efficiently promoted is clearly a critical 

factor because of the rapidity oi   these atomic quenching reactions. 

The cross section for electronic excitation of HC1 to the A TT 

state is also important because dissociation into H and Cl atoms 

occurs from this state.  The ionization cross section sets an upper 

limit on the E/N range usable before arcing occurs.  The shape of 

(4) 
the Rohr and Linder   cross section increases the importance of 

the electronic excitation and ionization cros^ sections.  The low 

energy peak of the vlbrational cross section shown in Figure 10 is 

narrower than that previously estimated by United Technologies 

ReFearch Center (UTRC)    , having about one-third the width of the 

UTRC cross section in the 0-i eV region.  This unfavorable narrowing 

is offset by the appearance of a broad secondary peak from 0.45 to 

2 eV shown in Figure 10.  However to utilize the electrons in the 0.5 

to 2 eV region it is necessary to increase the applied E/N,.,,, from the 
HC1 

— 1 ft    9 
8 x 10  V-cm that interacts most strongly with 0.4 - 0.7 eV electrons 

-15   2 
to a value of 1.2 x 10  V-cm .  Going to this higher E/N^^, increases 

HC1 

the electron characteristic energy e from 0.25 eV to ^,73 eV. 
K. 

Consequently the high energy tail of the electron energy distribution 

would be expected to increase ten orders of magnitude in the 10 eV 

region for the case of a Maxwellian distribution.  For this reason 

the electronic excitation and ionization cross sections must be 

considered despite their large threshold energies.  A detailed picture 

of the electron energy distribution is required to determine the 

effect of these processes as a function of E/N .. . 
HC1 
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Because of the importance of those cross sections it should 

be emphasized that the PSI effort did not produce an exact duplicate 

of the cross section set that UTRC calculated which is shown in 

Figure 11.    The UTRC insults served as a starting point in developing 

the PSI HC1 cross-section package.  The most important difference 

is the previously discussed narrower vlbrational excitation peak 

in the 0.4 - 0.7 eV region and the appearance of a second broad peak 

from 0.45 to 2 eV.  This not only requires the application of a 

higher E/N .. but also means that the electron-HCl vibrational 
HCl 

excitation cross section is no longer roughly three orders of 

magnitude larger than the dissociative attachment cross section. 

Another significant difference is that the PSI cross section for HCl 

excitation into v = 2 is more comparable to the v = 1 cross section 

than is the case for the UTRC cross sections. 

The importance of the differences between the PSI and UTRC cross 

sections can best be assessed by comparing the calculated electron- 

molecule rate coefficients which result when the computed electron 

energy distributions are integrated with the loss process cross 

sections. Figure 12 shows the UTRC results for a 10% HCl mixture 

in helium diluent at various E/N values.  Similar results for 9:1 ArrHCl 

mixtures as calculated by PSI are shown in Figure 13.  Since the diluent 

gases only make a slight elastic collision contribution to electron 

energy loss in the mixtures, the results can be compared.  The most 

noticeable differences are the significantly greater rates for HCl 

(v=0) to HCl (v=2) excitation and HCl dissociative attachment 

predicted by PSI. 
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PSI also calculated the fractional energy transfer into 

vibratlonal, rotational, and electronic excitation as shown in 

Figure 14.  These results indicate that 87% of the discharge energy 

can be channeled into vibratlonal excitation for an E/N   , of 
Total 

1.2xlO~16V-cm2 or an E/N,,-. of 1. ZxlO"1 V-cm2. 
rU.i 

Similar calculations carried out by PSI for a 3.33% HC1 mixture 

in argon diluent are shown in Figure 15 and Figure 16.  The shape of 

the 10% and 3.33% HC1 curves are very similar with the only major 

difference being the E/N^ „ , values responsible for the observed 
Total r 

rates and percent energy allocation values.  Figure 17 superimposes 

the calculated electron-molecule rate coefficients for 10% and 3.33% 

HC1 mixtures as a function of E/N ,. With the exception of the 

electronic excitation rate constants, the two sets of curves are 

almost identical.  Consequently, superimposing the fractional power 

transfer curves as a function of E/N^.. again produces near identical 

curves in Figure 18.  This similarity leads to the Important conclusion 

that to a great extent E/N , is the parameter which predominantly 

determines the behavior of the discharge.  This conclusion is strongly 

reinforced by comparing the calculated drift velocity and 

characteristic energy for 100%, 10% and 3.33% HC1 mixtures in argon 

diluent as a function of E/N,.,,, .  Figure 19, which displays the 

calculated drift velocities for these three mixtures as a function of 

E/NHC1 illustrates that up to an E/N   of lxl0~15V-cm2 the three 

drift velocities differ by no more than 10%. Figure 20 shows that 

the characteristic electron energies as a function of E/Nu„n are HCl 

again similar for the three mixtures. However, in this case a 
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significant difference between the 3.33% and 1Q% mixtures does 

-15   2 
appear at higher E/N „. values such as 1.8x10  V-cm .  This is 

reflected in the noticeably higher electronic excitation rate 

coefficient for the 10% mixture compared to the 3.33% mixture in 

Figure 17.  The greater fractional power transfer into electronic 

excitation at the expense of vibrational excitation is shown in 

Figure 18.  This demonstrates the importance of the previously 

discussed electronic excitation cross section as the fraction of 

electrons in the high energy tail increases with increasing E/NHr1. 

b.  HC1 Gain Predictions 

Using the electron-molecule rate coefficients derived from 

the PSI ^ross sections for HC1, predictions of the gain realizable 

in the NRL Maxwell e-beam sustainer were calculated.  Input required 

for 'such calculations included the total pressure of the Ar:HCl 

mixture, the partial pressure of HC1, the sustainer current density 

I , the discharge pulse length, and the temperature of the gas 
s 

mixture.  Calculations were carried out for several sets of initial 

conditions using an anhamonic oscillator code developed at PSI 

which includes all relevant anharmonic pumping reactions as well 

as quenching and radiative processes.  The temperature dependence 

of all the rate constants used is built into the code.  This is an 

important refinement because of the marked dependence of both the 

f 12") (8^ 
anharmonic pumping reactions    and HCl self-deactivatlon   on 

the translational temperature of the gas. 

The inputs for the first case considered were: Ar:HCl 29:1, 

three atmosphere total pressure mixture at room temperature with a 
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3 microsecond, 6A/cm sustainer current pulse.  The energy density 

was chosen because, for the same partial pressure of HC1, 76 torr, 

2 
In a one atmosphere mixture with Ar, a current of 6A/cm had been 

achieved.  Since both the three and the one atmosphere mixtures with 

76 torr HC1 should be dissociative attachment dominated the electron 

number density production equation determining the peak current 

attainable is: 

dn 

dt 
e = 0 = S - k [HCl]n 

a     e 
(4) 

n   = S/k [HC1], 
e      a 

S, the term denoting the ion production rate of the electron beam used 

as a source of electrons in the discharge, would be expected to 

increase linearly with pressure between one and three atmospheres in 

the ML device.  Consequently the electron number density and sustainer 

current would be expected to also Increase by a factor of three in 

2 
going to three atmospheres.  The choice of 6A/cm thus represented 

an extremely conservative estimate of the current to be achieved for 

three atmosphere operation.  The initial reason for choosing to study 

the three atmosphere case was that if in fact the current tripled, the 

rate of HC1 (v = 1) production from electron impact on HCl molecules 

would also triple.  This in turn would greatly accelerate the key 

anharmonic pumping step: 

HCl(v=l) + HCl(v=l) -> HCl(v=2) + HCl(v=0).      (6) 

For this set of gas mixture and discharge parameters, peak gains 
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of 1%/cra, 1%/cm and 1.2%/cra were predicted on P-branch transitions 

in the 4-3, 5-4 and 6-5 bands. For each of these bands the onset 

of gain would begin ~3 usec after the start of the sustainer current 

pulse and continue for 7 to 12 usec.  It should be noted that at the 

time these gain prediction calculations for the three atmosphere case 

were first carried out the complete PSI cross section set had not 

reached its final form. Consequently, the electron-molecule rate 

constants plotted in Figure 17 were not available.  Instead it was 

assumed that the rate coefficient for vibrational excitation of HC1 

-8  3 
into v = 1 would be 1.5 x 10  cm /sec at the E/NHf,, chosen for 

consideration, 8x10" V-cm . As Figure 17 indicates, a rate constant 

-9  3 
of 8.5x10  cm /sec is now calculated for this E/N cl so that the 

rate coefficient used was too large by a factor of two leading to 

overoptimlstic gain values. To some extent this optimistic value 

was offset by the absence of any direct pumping of HCl(v=2) by the 

discharge in the kinetic model used in these preliminary calculations. 

When the HC1 cross section set was completed and the necessary 

electron-molecule rate constants computed, more rigorous gain 

calculations were carried out for a one atmosphere Ar:HCl mixture at 

room temperature. The same HC1 partial pressure of 76 torr was used 

2 
with a 3 usec  sustainer current pulse of 6A/cm , and an E/NTTCI 

0f 

-15   2 
1.2x10  V-cm . This E/flL.-, was chosen because results of PSI 

fractional power transfer calculations indicated that fractional 

power transfer to HC1 vibrational excitation is a maximum at this 

value. Figure 21 shows the predicted gain on the four lines with the 

largest partial inversions. 
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At first inspection these predicted room temperature peak gains 

1-2%/cm si m surprisingly large compared to those calculated in the 

three atmosphere case with the same partial pressure of HC1.  However 

for a sustalner current of 6A/cm the one atmosphere case with an 

E/N^. of 1.2x10  V-cm has a drift velocity of 5.5x10 cm/sec 
HC1 

while the three atmosphere 8x10  V-cm case has a drift velocity 

of 4.9x10 cm/sec. Consequently at one atmosphere n = 6.82x10 /cm 

] 2  3 
while at three atmospheres n = 7.65x10 /cm .  Coupled with the 

assumed electron-molecule v = 1 pumping rate constant in the three 

-9 3 atmosphere case of 1.5x10 cm /sec and the calculated one atmosphere 

-9 3 rate constant of 1,3x10 cm /sec it would be expected that the three 

atmosphere case would have significantly higher gain. However, the 

more than tripled pressure of the argon diluent increases the HC1 

radiative linewidths enough to negate the effect of this assumed 

stronger pumping. 

The predicted room temperature gains of l-27o/cm, if realizable, 

would ensure lasing in the NRL 100 cm path length device.  Indeed, 

even if these predictions were overoptimistic by a factor of ten, 

stimulated emission should still be observable using a 0.57» transmit- 

ting mirror as an output coupler and a total reflector as the second 

mirror. 

These gain predictions were in fact overoptimistic because they 

did not include important HC1 deactivation processes involving H and 

Cl atoms. These had initially been neglected because preliminary 

current measurements had been interpreted to indicate that the electron 

20  3 
production term for the e-beam source was 3x10 /cm -sec. For this 
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source term any HCl deactivation caused by the maximum atom concen- 

trations produced would have been negligible when compared to HCl 

self-deactivation. However, subsequent measurements of the e-beam 

current transmitted by the foil as well as sustainer currents 

determi •d for pure nitrogen at one atmosphere indicated that the 

21  3 
actual source term was 2-3x10 /cm -sec. A 3 usec e-beam pulse 

would thus produce at least 6x10 /cm Ar ions and electrons. For 

-15   2 
a 9:1 Ar:KCl mixture at an E/N   of 1.2x10  V-cm most of the 

electrons produced would undergo dissociative attachment within a 

few nanoseconds via 

e"+ HCl- 
-10 3 

«► Cl' + H ,  k = 1.4xl0"lücmJ/sec ,     (7) 
a 

-9 
where 1/k [HCl] = 2.9XJ.G sec.  With the time dependence of the 

a 

electron number density given by 

dne = S - k n  [HCl]   , (8) 
: 3.  6 
dt 

S   n   -k [HCl]t        . 

Si 

the electron number density at the end of the e-beam pulse is 

12  3 5.8x10 /cm . Thus all but 0.1% of the electrons produced by the 

e-beam immediately react with HCl to yield Cl and H. 

The Ar+ produced by the e-beam pulse takes part in one of 

the following two reactions within a few nanoseconds 

Ar+ + HCl  •* ArH+ + Cl ,    k> 1.3xl0"10cm3/sec(13)) (10) 

Ar+ + 2Ar f Ar2
+ + Ar ,    k = 2xl0"31cm6/sec(14) . (11) 

30 

■Ä 



More than three quarters of the 6x10 /cm Ar produced will 

dissociate HC1 according to reaction 10, yielding a Cl atom 

15  3 concentration of 4.6x10 /cm .  The products of such reactions must 

-7 3 
be considered, because a rate constant of '"■IxlO cm /sec would be 

expected for the bimolecular ion recombination reaction of Cl with 

either ArH or Ar  .  Recombination with Ar  would yield an additional 

15  3 + 
Cl atom concentration of 1.4x10 /cm . Recombination with ArH 

could yield either H and Cl as atomic neutrals or HC1 as a molecular 

neutral.  It is not necessary for a stable molecule to be formed as 

an electron is transferred from Cl to H . Lacking experimental 

data concerning the actual mechanism of this reaction the assumption 

is made that half of the Cl undergoing this reaction is released 

as an atomic chlorine concentration of 2.3x10 /cm . 

For this 9:1 Ar:HCl mixture at 1 atmosphere and an E/NHri of 

1.2xl0~  V-cm the rate constant for electronic excitation of HCl 

by electron impact is 1.4x10  cm /sec.  Consequently, 6x10 /cm HCl 

molecules are excited to the A TI state by a 3 jisec discharge with 

12  3 n = 5.8x10 /cm . Again, the assumption is made that half of thes-2 

excited molecules subsequently dissociate producing H and Cl atom 

concentrations of 3x10 /cm .  It should be noted that this 

contribution, although not entirely negligible compared to other 

atom sources, is only approximately one-thirtieth of the total atom 

concentration. The assumption of 50 percent channeling into 

dissociation products is not critical. 

Adding the contributions of the various reactions considered 

15  3 
yields total H and Cl concentrations of 8.6x10 /cm . H and Cl 
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car, subsequently serve as highly efficient V-T deactivators 

HCI(v=l) + H  ► HCl(v-O) + H, k = 6.5 + 2.2xl0"12cm /sec, )   (12) 

-12 3   (9) 
HCl(v=l) + Cl—•►HCl(v=0) + Cl , k = 8.5 + 2.5x10  cm /secv. ;   (13) 

The rates given are for room temperature. Using H and Cl cccentrations 

= 7.75 usec. The comparable relaxs- 

tion uime for HC1 self-deactivation 

(14) 

= 16.9 usec. 

15  3 
of 8.6x10  ^cm yic1ds *,,  ,, J V-T.atoms 

HCl(v=l) + HC1—-*HCl(v=0) + HC1  ^ = 2.4x10" cm /sec( ' 

18  3 
with a HCl concentration of 2.45x10 /cm is »", 

V-T,HC1 

Thus atom production serves to increase the effective V-T deactivation 

rate by a factor of 3.2. 

To reflect this increased quenching a second gain calculation 

was made in which the effect of atom production was taken into 

account by increasing the rate constant for HCl self-deactivation by 

a factor of three. Figure 22 shows that the gains predicted in this 

case are an order of magnitude smaller than those calculated 

neglecting atom quenching.  The gain predicted is still sufficient 

to produce observable stimulated emission in the 100 cm NRL device, 

but the actual chances for success become much more marginal because 

there is no longer a factor of ten leeway between the predicted gain 

and that necessary to overcome cavity losses. 

3.  Stimulated Emission Experiments 

a^ Room Temperature Measurements 

Since the initial PSI gain predictions for a 9:1 Ar:HCl mixture 

at room temperature not including atom effects had been so favorable 

an attempt was made to observe lasing in the NRL 100 cm e-beam 
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sustainer. Even the calculations which include atomic quenching of 

HC1 still indicate a single pass gain of 207, would be achievable 

at room temperature. These room temperature experiments would be 

far simpler to accomplish than those requiring cooling of the gases 

and the sustainer chamber. Ease of operation was an important 

consideration because a scan of the key parameters including sustainer 

voltage, mole fraction HC1 and total pressure was judged advisable. 

It would be extremely difficult and costly to make such a parameter 

scan with a cooled system. At room temperature, even if laser 

action were not observed useful information concerning the behavior 

of the discharge as a function of the experimental parameters could 

be gathered and compared with the PSI electron-molecule rate constant 

calculations. 

A 2.5 cm diameter optical cavity was constructed with Brewster- 

angle windows and external mirrors. One mirror was a gold coated 

totally reflecting flat and the other was a gold coated output 

coupler with a 10 meter radius of curvature. Light passing throt'jh 

this partial reflector was focussed by a 2.5 cm diameter ZnSe lens 

of focal length 12.5 cm onto a 1 mm diameter Spectronics Model SD 8720 

indium antimonide photovoltaic detector (In:Sb(PV)). The detector 

was modified to operate in the zero bias mode to provide the highest 

possible detectivity, was r.f. shielded from nuise produced by the 

electron beam and lead shielded from x-rays.  Signals from the 

detector were monitored on a Tektronix Model 555 oscilloscope equipped 

with a Model 1A7A differential amplifier. The sustainer current was 

also displayed on this oscilloscope. Also monitored were the 
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sustalner voltage, e-beam voltage, and e-beam current out of the 

capacitor bank. 

HC1 partial pressures of 50, 75, 1Ö0, and 125 torr were used, 

the gas being Air Products Technical Grade (99.997,).  For each of 

these HC1 partial pressures 99.975% pure argon supplied by Burdett 

W2  sed as a diluent to achieve total pressures cf 0.5, 1, 2 and 3 

atme ieres.  The principal impurity in  this argon was moisture since 

it was water pumped.  To remove this water a trap was installed in 

the feed lines f' m  the argon cylinders.  All chamber pressures up to 

800 torr were measured on a Wallace and Tiernan 62A-4D-0800X 303 

stainless steel differential pressure gauge. 

For each of these sixteen mixtures, an examination was made of 

the E/N   region predicted to achieve maximum power transfer into 
HCi 

-15   2 
vibrational excitation, 1.0-1.4x10  V-cm .  Successively higher sustainer 

voltages were applied to a given mixture until breakdown occurred. 

Lower E/N   values in the 4-8x10  V-cm range were also investigated 
HCI 

both in the hope of achieving laser emission and to gather discharge 

voltage and current data. 

This scan of E/N   values was prompted by a reanalysis of the 
HCI 

electron-molecule rate constants, drift velocities, and characteristic 

energies calculated by PSI.  Fractional power tra sfer is the obvious 

initial guidepost in selecting an E/N to investigate.  However it is 

usually instructive to determine the actual energy transferred to the 

channel of interest at various E/N as well as the magnitude of the 

temperature increase that can be expected due to translational and 

rotational excitation.  This can be determined by multiplying the 
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applied electric field by the current density to arrive at a 

3 
predicted value of the power/cm delivered,  The current density 

needed for this calculation is provided by taking the product of 

t!   deviously computed electron number density and drift velocity. 

When this power density figure is multiplied by the pulse length 

and fractional power factors the energy density transferred to 

various forms of excitation is obtained.  This calculation also 

furnishes a prediction of the current vs E/N behavior to be observed 

which provides a useful test of the accuracy that can be expected 

from a given model. 

The first step in the procedure is to solve for the steady 

state electron number density.  For the case of a 9:1 Ar:HCl mixture 

this can be written as 

dne = 0 = S + k.n [HC1] - k n [HC1] - an 2        (15) -J-— i e       a e e dt 

where S is the source teiin for production of electrons by the e-beam, 

k is the rate constant for dissociative attachment in HC1, k. is 
a i 

the rate constant for ionlzation jf HC1, and a is the dissociative 

recomh^nation rate constant for argon dimer ions.  Solvirg Eq. 15 

for n yields 

-(k -k.)[HCl] + */(k -k.)2[HCl]^ + 4Sa 
"e =   a  1 !  a I         (16) 

2a 

PSI had calculated k and k. vs E/N „, and had found k. to be 
a     i      HC1 3 

negllgable in comparison to k over the range of E/N, considered. 
a HC1 

From the PSI computed values of the characteristic electron energy, 

35 

üs^^Säaiiiga 



f , vs E/N   an approximation to a can be obtained by using the 
K       HCL 

Mehr and Biondi    relation, 

o   Q   in"7 ( 30{)OK 1    0-67        3/                           M7^ 
a    = 8.8x10 ■   I —  I cm /sec , (17) 

or 

8.8x10'' •    / 0.0258    eV \0*67 cm3/sec   .   (18) ixlO'7     •    / 0.0258    evV 

V     *K ) 

Table III shows the results of such calculations and used the PSI com- 

puted drift velocities to predict sustainer current density versus 

21  3 
E/N        using a source term of 2x10 /cm -sec.  Also shown in Table III 

HCi 

is the total energy density resulting from a 3 /sec pulse at the 

voltage corresponding to the specified E/Nur,, .  It is of interest to 

— 1 fi    o 

note that at an E/N   of 6x10  V-cm the loss term due to HCI 
HCi 

dissociative attachment is approximately equal to that of Ar 

dissociative recombination.  At higher E/NHr, values the discharge 

in this mixture is attachment dominated. 

Table IV lists the electron-molecule rate constants for HCI v = 1 

and v = 2 excitation calculated by PSI.  These can be used together 

with the PSI drif*- velocities to calculate the fractional power 

transfer to v = 1 and v = 2 excitation. The fraction of energy being 

channeled into v = 1 is given by 

k n . n   [HCI]  2885.90  he 
f , =  v=l   e '       • ,1Qs 
v=l    -To   .     (19) 

Vj  . n    V    1.6x10 
d  *  e * 

or equivalently 

fv=1 - 0.3585 k^/^ . E/NHC1)   . (20) 
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Note that this expression is independent of n and hence f   does 

not depend on the method ased to calculate n .  Similarly the fraction 

of energy transferred to HCl(v=2) is given by 

^2= 1-964 • 0-3585 N^d • E/W'       (21) 

where 1.964 is the ratio between the v=2 and v=l vibrational energies. 

Table IV shows the fractions calculated in this fashion together with 

the energy density channeled into v=l alone as wellas into v=2 taken 

together. Because energy channeled into v=2 is more effective in 

promoting the necessary anharmonic pumping a better criteria for 

selecting optimum operating conditions would be to add the energy 

transferred to v=l to that transferred directly to v=2. 

This makes the assumptiou that all the v=l produced reacts 

according to 

HCl(v=l) + HCl(v-l)  ^HCl(v=2) + HCl(v=0) .       (22) 

Because of the large rate constant for this process   , 5.1+0.5x10 

3 
cm /sec and the number density of HCl(v=l) produced in all the 

cases considered, HCl(v=l) > 5.6x10 , loss by any other processes, 

including HC1 self-deactivotion is negligible as a first approxima- 

tion. The energy defect for this anharmonic pumping reaction, 

103.8cm , is leps than tvo percent of the energy being channeled 

from v=l to v=2. Consequently th E _, » figures given ir the ninth 

column of Table IV accurately reflect the energy being channeled 

into HCl(v=2). This approach was used by PSI in constructing the 

fractional power transfer curves shown in Figures 5 and 7. 

Also shown in Table IV is the expected temperature rise using a 
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gas constant for the mixture of 1.6R. This was calculated on the 

assumption that the energy not transferred into vibrational 

excitation went into gas heating. A correction to this was 

necessary for the four highest E/N,inn values where 1.5, 4, 9 and 
HLi 

167o of the available energy goes into electronic excitation. 

In Table IV there is no clear cut optimum E/N        value which 
ULI 

maximizes the energy channeled into v=2 and minimizes the temperature 

rise without leading to discharge breakdown (as in the case of the 

two largest E/N.T„., values). An approach to assessing the trade-off 
HOI 

between more effective pumping and the corresponding temperature 

rise is provided by the results of previous UTRC gain calculations 

for He;HCl mixtures   . There it was found that the gain decreased 

an order of magnitude for each 100 K increase in temperature between 

150 K and 300 K.  The UTRC calculations also indicated that the 

maximum gain was directly proportional to each of the three factors 

responsible for v=l pumping:  electron number density, HC1 partial 

pressure, and current pulse lengths. Applying these estimation 

techniques to the data in Table IV, and using the energy transferred 

into v=l as the most representative measure of pumping strength, it 

— 1 A    9 
turns out that E/N , values from 8 to 14x10  V-cm are equally 

favorable. 

Multiple experiments were made at each set of mixture and 

voltage parameters to determine shot to shot reproducibility. 

This approach made it clear that it was necessary to change the 

gas fill every two or three shots. The sustainer chamber was 

flushed with argon between mixture fills to remove dissociation 
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products. The chamber was also pimped out thoroughly each night and 

weekends in an attempt to minimize the amount of chlorine that might 

adhere to the chamber walls. 

The 300 kV e-beam was fired for 3 wsec with the cathode spaced 

9 cm from the 0.0025 cm titanium foil.  As will be discussed in a later 

section this cathode-foil spacing and pulse length was found to produce 

the greatest electron number densi'y in the sustainer chamber. 

Laser emission was not observed in any of these experiments. 

The observed sustainer current density (J ) dependence on E/N .. , HC1 
s HCi 

partial pressure, and mixture total pressure did not follow, even 

qualitatively, the predictions based upon the PSI calculations.  Since 

this represented a setback for the HCI EDL program these J measure- 
s 

ments warrant further discussion. 

The predicted J values are shown in Table III for a 9:1 
s 

Ar:HCl 1 atm mixture at room temperature as a function of E/N ,. 
HCI 
21  3 

Originally J was calculated for an e-beam source term of 2x10 /cm -sec. 

21  3 
J was recomputed for a source term of 3x10 /cm -sec which was sub- 

sequently established for the NRL Maxwell e-beam using J values 
s 

measured in pur : nitrogen. This value also agrees with an energy 

deposition calculation based on the 5A/cm e-beam current measured on 

the discharge region side of the foil using a Faraday cup. The 

recalculated J values for the Ar:HCI mixture are shown in Figure 23 

together with the experimental J values. The predicted J values are 
s ^        s 

between a factor of 2 and 7 too large. Furthermore the predicted J 
s 

1 fi    2 
decreases by a factor of 2.5 when the E/NHf,, increases from 6x10 V-cm 

-1 fi    9 
to 9x10  V-cm whereas the observed J actually Increases by a factor of 1.4. 
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Equally poor agreement is observed in other cases where a direct 

comparison can be made between experimental J values and those 

calculated using the di'ft velocities, characteristic energies, and 

HC1 dissociative attaclu'ent cross-sections calculated by PSI. Figure 24 

shows the predicted J vs. E/N,,,. curves for 29:1 Ar:HCl mixtures at 
s       HC1 

21  3 
two and three atmospheres, using the same source term of 3x10 /cm -sec. 

Again the predicted J values are too large and show a marked decrease 

with increasing E/Nu-, that is not reflected in the experimental data. 

The most disturbing observation was that the one distinct 

pattern that emerged from the experimental current measurements bore 

no relation to the attachment dominated discharge behavior predicted 

using the PSI results.  For E/N ..  values > 6x10" V-cm , dissociative 

attachment to HC1 is predicted to be the predominant electron loss 

mechanism. Consequently, the steady state electron number density for 

these E/N .. values is given by 

n = S/k [HC1]   . (23) 
e     a ' 

The electron number density at a given E/N.,,^ is a function of S/[HC1] 
Hoi 

where S is proportional to (.he total pressure of the mixture in the 

0.5-3 atmosphere region of interest. The result is that n is a 
e 

function only of the mole fraction of HC1 rather than the HC1 partial 

pressure or the total pressure. Since the drift velocity is also a 

function only of E/N . and the mole fraction of HC1, the J predicted 
HUi S 

for a 9:1 Ar:HCl at a given E/N.. is independent of pressure. 

This behavior is exploited In constructing Figure 25 which 

illustrates the expected shape of J vs E/N 01 curves for 3.3% and 107» 

HC1 mixtures. For example it was expected that both the 75 torr HC1 - 
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2205 torr Ar and 50 torr HCl - 1470 torr Ar current vs E/Nuri1 plots HC1 

would lie along the 3.3% curve. However an entirely different 

correlation emerged. Regardless of the HCl partial pressure the 

primary determinant of the observed J was the Ar diluent pressure 

and any difference between various HCl partial pressures was minimal. 

This Ar-diluent-determincd behavior is illustrated by the shaded areas 

in Figure 25. 

Particularly difficult to explain is the sharp decrease in J 

with increasing Ar pressure. Even if the discharge were Ar« disso- 

ciative recombination dominated with n given by 
e 

n - VsT^    , (24) 
e ' 

an increase in the Ar pressure, and consequently S, should give rise 

to an increase in the current observed. No satisfactory explanation 

of this behavior has yet been advanced, although any final explanation 

clearly must include the role of HCl. As will be discussed in a 

subsequent section markedly different behavior was observed in pure 

£:rgon at the same pressure, where although J did not increase between 

1 and 3 atmospheres with the expected square root of pressure dependence- 

it nonetheless did increase. Thus the Ar-HCl J behavior cannot be 
s 

attributed to possible processes such as formation of argon ion clusters 

larger than the dimer with correspondingly greater recombination rate 

/I Q N 

constants   . Otherwise this same behavior should have been equally 

evident in the pure Ar experiments. 

b. Cooled Chamber Experiments 

The room temperature Ar:HCl J measurements indicated that there 
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were important electron-molecule processes occurring which the kinetic 

model, constructed in conjunction with PSI, did not include.  Consequently 

any gain predictions made were unreliable. Two other sets of experiments 

were conducted which yielded important infontntion.  The first was a 

series of shots taken at 240 K to determine if laser action could be 

produced at reduced temperature. The second was a complete characteri- 

zation of the discharge behavior of ehe NRL e-beam sustainer using 

pure argon and nitrogen. 

The discharge chamber was modified to operate at 240 u by 

installing a cooling appaiatus which has been described in a previous 

(19) 
report   .  Liquid nitrogen flowed through the chamber for approximately 

thirty minutes to pre-cool it. Then liquid argon was metered into the 

chamber through one set of drilled PVC pipes while HC1 entered through 

another. Liquid argon was used instead of cooled argon gas because of 

the more effective cooling that could be achieved. By the time the 

liquid argon reached the discharge region it had completely vaporized 

as was evidenced by the lack of scattering of a He-Ne alignment laser 

beam directed through the discharge region. An A.B. Cain 116U 

Chromel-Alumel thermocouple with a stainless steel housing monitored 

the gas temperature near the exit port. As in the room temperature 

experiment a Wallace and Tiernan 62A-4D-0800X 303 stainless steel 

gauge was used to measure the chamber pressure. Additional cooling 

was achieved by packing the exterior of the chamber with dry ice. 

If the salt flat Brewster angle windows had been in direct contact 

with the 240 K gases inside the discharge chamber condensation on 

their external surfaces would have rapidly rendered them useless. 
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To avoid this problem the absorption cells which had previously been 

(19) 
used in HC1 fluorescence experiments    were reinstalled.  In this 

case however they were evacuated to provide thermal inrulation for 

the Brewster windows. Each of these absorption cells was a 40 cm 

section of 5 cm O.D. polyvinyl chloride plastic pipe.  One end threaded 

into the inner face of the Brewster angle window holder.  The other 

end was sealed with a salt flat. This salt flat was normal to the 

optical axis of the chamber introducing a loss of 4% per surface. 

This 32% round trip loss for the salt flat on each of the two thermal 

insulators increased the cavity round trip loss from the 10% of the 

room temperature experiments to 42%,  Consequently the required 

threshold gain for the 100 cm active reg: on was 0.27o/cm compared 

with 0.057„/cm in the room temperature case. 

The Ar:HCl ratio was established by first measuring the flow 

of argon and HC1 out the exit port on the way to the vacuum pump. 

A coil submerged in water was used to bring the exiting gas up to 

room temperature before it passed through a Fischer tnd Porter flow- 

meter with a B6NL25 tube and BSX-624 float of 316 stainless steel and 

into the vacuum pump. A stainless steel pressure gauge was used to 

measure the pressure on the outlet side of the flowmeter. The HC1 

flow was measured on the inlet side of the discharge chamber by using 

a Matheson flow gauge with a R-6-15B tube and a 316 stainless steel 

ball. The pressure on the exit side of this flowmeter was also 

monitored by a stainless steel pressure gauge. The HC1 flow measured 

in this way was subtracted from the Ar and HC1 flow measured at the 

chamber exit port to determine the argon flow. A needle valve on the 



HC1 inlet line was adjusted to provide the desired Ar:HCl ratio. 

A series of experiments were conducted using the same Ar:HCl 

mixtures that had been investipated at room temperature with the Lotal 

pressure decreased by 20% to compensate for the cooling to 240 K. 

The same 6-12x10  V-cm E/N , values were used. Again laser action 

was not observed. 

Unexpectedly, the current measured for a given set of mixture 

and E/N j conditions dropped by approximately a factor of six making 

(20) 
the production of stimulated emission unlikely.  Suggestions    that 

this might have been due to HC1 accumulating in the discharge region 

were explored. However the flow behavior as monitored by the inlet 

and exit flowmeters indicated that condensation or accumulation of 

HC1 in the discharge region was not occurring. The J values measured 

for cooled pure argon were higher by up to a factor of four compared 

to equivalent room temperature measurements, and significantly higher 

E/N  values could be maintained before arcing occurred. For a given 

pure Ar number density the applied voltage could be more than doubled. 

At these cold temperatures J for pure argon was independent of the 

pressure iii'om 0.5 to 3 atmospheres. As will be subsequently discussed 

this was not the case In room tempe-acure measurements and fails to 

1/2 
reflect the expected P   dependence. 

Arcing in the Ar;HCl mixtures was very severe and led to the 

destruction of the polyvinyl chloride cooling apparatus. The salt 

flat Brewster angle windows were also damaged when the aluminum window 

mounts conducted enough heat away from the flats to cause condensation 

to accumulate rapidly. This problem was avoided with the installation 
- 
I 
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of nylon window mounts. 

A more serious problem was the optical transmission characteristics 

of the discbarge chamber. A He-Ne alignment beam would continually 

dance about with oscillations up to 0.5 cm.  It was not clear if this 

were due to severe flow inhomogeneities or temperature gradients, but 

in either case it was more than enough to ensure that laser action 

would not be achieved.  Any motion of the He-Ne beam would have been 

greatly amplified in the case of HC1 emission because of the proximity 

of the absorption causing the deflections and the emitting wavelength. 

The cooling chamber design clearly did not serve to minimize harmful 

flow inhomogeneities and temperature gradients and should be radically 

revised before any similar experiments are conducted. 

4. E-Beam Measurements 

After the destruction of the cooling chamber precluded any 

further Ar:HCl experiments a series of measurements were made to 

characterize the discharge behavior of the NRL Maxwell e-beam 

sustainer using pure gases for which extensive transport data is 

available. As a necessary first step in this procedure the e-beam 

current passing through the foil was measured as a function of the 

cathode to foil spacing and the. pulse length. 

This information was of interest for several reasons. It would 

provide a useful check on sustainer current density measurements to 

be made with argon. Using published values of the drift velocity 

and characteristic energy versus E/N the dissociative recombination 

rate constant can be calculated and used with J to calculate the 
s 

source term. This in turn can be compared with that calculated using 
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the measured e-beam current.  Another use of such e-beam data 

would be to determine under which combination of cathode-foil spacing 

and pulse length the maximum number of primary electrons is delivered 

to the discharge chamber. Finally, such measurements would verify 

that the NRL Maxwell device was in fact operating properly, and would 

yield a definitive source term to be used in interpreting the anomalous 

discharge data gathered in the Ar:HCl experiments.  The e-beam current 

measurements indicated that the Maxwell device was operating properly 

hence suggesting that it was the discharge kinetic model rather than 

the e-beam current that was open to question. 

These e-beam current measurements were made using a conical 

graphite Faraday cup with a 3.1 cm aperture. The output from this 

device was displayed on a Tektronix Model 555 oscilloscope. The e-beam 

voltage was maintained at 300 kV. Figure 26 shows both the beam 

current J_, where .L, a e-beam current density through the foil, and 
B       B 

the beam current times the pulse length as a function of the cathode- 

foil spacing and the pulse length. The cathode plasma growth velocity 

of approximately 2.5 cm/usec establishes the maximum pulse length 

that can be used at a given cathode-foil distance. Exceeding this 

pulse length causes a destructive arc to the foil to occur.  It is 

clear from Figure 26 that the maximum number of electrons are 

delivered to the discharge chamber for a cathode-foil distance of 9 cm 

and a pulse length of 3 .isec. 

A similar set of measurements carried out at 272 kV indicated 

(21) 
that Child's law    for beam current vs voltage was reliably obeyed. 

Thus these results can be extrapolated to other voltages of interest 

A 6 
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with confidence.  In this way the energy deposited in the discharge 

chamber gas can be varied in a reprodvcible manner. 

5. Sustainer Current Measurements 

The sustainer current densities measured in Ar:HCl mixtures 

were much lower than expected, and the sharp drop observed in J as 
s 

the Ar diluent pressure increased was unexpected. These results 

made it necessary to determine the sustainer currents obtained in 

Argon and Nitrogen for which the transport properties are well known. 

a. Argon 

J measurements were made at 0.5, 1, 2, and 3 atmospheres using 
s 

-17    2 
an E/N of 2.45x10   V-cm , equivalent to an electric field uf 600 V/cm 

in a one atmosphere sample. This E/N was chosen for two reasons. 

First, some sustainer voltage droop invariably occurs as the capacitor 

bank discharges. This can lead to problems in data analysis if the 

transport properties of the gas are an extremely sensitive function 

of the Townsend parameter in the E/N region corresponding to the 

sustainer voltage used.  In argon, this would occur for E/N values 

•20   2        , -17   2 
below 6x10  V-cm . At an E/N of 2.45x10  V-cm the drift velocity 

and characteristic energy vary very slowly with E/N   . Hence the 

recombination coefficient a also has a weak dependence on E/N.  The 

second reason for choosing this E/N is imposed by the capacit.ance of 

the NRL Maxwell e-beam sustainer, 9 microfarads. At sustainer, 

electric fields much less than 600 V/cm across the 10 cm discharge 

region the sustainer capacitor bank was significantly depleted by a 

3 /isec discharge into one atmosphere of argon. This necessitated 

operating in the voltage region selected.  In addition a 12 microfarad 
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capacitor was added to the existing bank to increase the effective 

capacitance. 

It was expected that because the discharge would be Ar 

dissociative recombination ■ ninated the observed current would be 

proportional to "he square root of the pressure for a given E/N. 

This follows ,com the steady state electron number density equation 

dn 

dt 
e = 0 = S - an (25) 

and the expected linear dependence of S on the pressure in the 0.5 to 

3 atm region. As Figure 27 Illustrates, the pressure dependence is 

1/2 1/2    2 
not given by P   but instead varies from P  ' to P in the 0.5 to 

2 atm '"egio.'. Beyond 2 atm the current remains consent with 

increasing pressure. The failure of as simple a system as pure argon 

to behave in a predictable manner indicated that there were important 

electron-atom or chemical processes occurring that were not being 

considered.  In addition, although the sustainer current density did 

not increase between two and three atmospheres, it alsc did not 

display the precipitous drop off observed for the Ar:HCl mixtures. 

It was concluded that there was a predominant process for Ar:HC1 

mixtures that had been neglected. 

One partial explanation of the obse/ved J vs pressure behavior 

could be given in terms of an impurity. Taking the measurements at 

0.9 
one-half atmosphere and on- atmosphere a pressur dependence of P 

or almost P is observed. Thii could be explained in terms of an 

impurity in the chamber which estab1  hed a constant background 
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partial pressure for each shot.  If thir impurity had a large 

attachment ciross section, as is the case for HC1, the electron number 

density steady state equation would be 

dn 

d~c 
e = 0 = S - k [X] , 

a   ' 
(26) 

where [X] is the constant concentration of the unknown impurity gas. 

To determine if this explanation is plausible the observed 

5     (22) 
currents were divided by the drift velocity of 2.7x10 cm/sec    to 

calculate the steady state electron number density.  Since n is equal 

to the Ar„ concentration, the reciprocal lifetime of the electron 

dissociative recombination reaction 

_£ = -a[Ar0 Jn^ = -an^ 
dt 2 J e 

(27) 

is given by l/r= an.  To determine the minimum HC1 concentration 

needed to explain the observed data a value for n of 2.1x10 cm /sec 

was used. This value was selected by first taking the e„ corresponding 

-17   2     (22) 
to an E/N = 2.45x10  V-cm , 7 eV   , and by determining what a  would 

result if the electron energy distribution were Maxwellian using the 

(15) Mehr and Biondi    expression 

„ 0  -7  /300 K 
a = 8.8x10 

,0.67 
(28) 

-8 3 
This produces an a - 2.1x10 cm /sec. However as Engelhardt and 

Phelps illustrate graphically in their discussion of the argon transport 

(22) 
coefficients and cross sections   , the actual electron energy 

distribution is not at all like that of a Maxwellian distribution in 

the case of  (    =  8.60 eV.  In fact, a Maxwellian distribution with an 
K 
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electron temperature corresponding to half the characteristic energy 

was most similar to the actual electron energy distribution.  Assuming 

that this observation would also apply to the case of e = 7 eV, the 

dissociative recombination rate constant would be 3.3 x 10  cm /sec. 

This larger rate constant would require a greater concentration of HC1 

—8 
if dissociative attachment were to predominate.  Using the 2.1 x 10 

3 
cm /sec value of a, 1/T values as listed in Table V were calculated 

for Eq. 27.  Again to miniirize the HC1 concentration that would be 

required to compete with the Ar« recombination reaction, a rate con- 

-10  3 
stant of 1.5 x 10   cm /sec was assumed for the HC1 attachment reac- 

tion.  This was the largest rate constant for this reaction calculated 

by PSI.  The required HC1 concentrations are shown in column 5 of 

Table V.  Approximately one torr of HC1 would be required in the 0.5-1 

atm cases to account for the linear behavior of J vs P in this region. 

Even though a definite odor of HC1 was noticeable when the chamber was 

disassembled, it is unlikely that a 1-5 torr background pressure of 

HC1 could be repeatedly established in the chamber from HC1 still ad- 

hering to the walls after pump-out cycles. 

Not only were the argon J values unexpectedly low at lower pres- 

sures, they were surprisingly high at higher pressures, even though 

there was no increase between two and three atmospheres.  The dashed 

—8  3 
lines in Fig. 27 are for the two cases:  a = 2.1 x 10  cm /sec and 

—8  3 5 
a = 3.3 x 10  cm /sec.  In both cases Vj = 2.7 x 10 cm/sec and S = 

d 
21      3 

3 x 10  ' P/cm -atm-sec where P is the pressure in atmospheres.  These 

forr limits to the expected J vs P curves.  It should be noted that 
s 
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any other predicted curve in the dissociative-recombination dominated 

model would be parallel to these curves rather than just constrained 

to lie in the region demarcated by them.  The observed behavior is 

clearly not compatible with the model.  For example to achieve an ade- 

quate fit at the two atmosphere point (ignoring the extremely poor fit 

that would result at all other points) the S/a ratio would have to be 

three and a half times greater than it apparently is based on the 

characteristic energy of electrons in argon at this E/N and the elec- 

tron beam currents previously measured. 

b.  Nitrogen 

Similarly suprising results were obtained when nitrogen was 

examined in a series of similar current measurements.  As in the case 

of argon, 99.975% pure nitrogen was used, passing through a trap to 

remove water vapor before entering the chamber.  Four values of E/N 

were investigated:  0.41 x lO"16, 0.49 x 10~16, 0.57 x 10~16, and 

— 16    2 
1,10 x 10   V-cm .  The first three E/N values correspond to sustainer 

electric fields of 1.0, 1.2, and 1.4 kV/cm for one atmosphere of 

-1 fi 2 
nitrogen.  The 1.10 x 10   V-cm E/N corresponds to an electric field 

of 2.7 kV/cm for one atmosphere.  This higher E/N was used to avoid 

the marked change in the N,  recombination coefficient that any vol- 

tage droop would produce for the first three E/N values.  The N, 

(23) 
recombination rate study of Douglas-Hamilton    indicated that this 

rate is only very weakly dependent on E/N for E/N values greater than 

0.8 x 10~16 V-cm2. 
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Figure 28 shows that, like argon, nitrogen displayed near linear 

dependence of J on pressure in the 0.5 to 1.0 atmosphere region for 
s 

the three lower E/N values. For the 1.10 x 10   V-cm E/N case J is s 

1.3 proportiom.l to P   between these pressures.  In the region above one 

atmosphere the J curves rolled over to near pressure independence, 

again in a manner similar to that of argon. A  CO 

In the one to two atmosphere region the J curves display P '  , s 

P '  , and P "  dependence, the first two of which are at least rea- 

sonable approximations to the expected P *' dependence. Moreover, 

the observed J values at one atmosphere are surprisingly close to those 

predicted from a knowledge of E/N and the electron-beam current.  Using 

the recombination rate constant vs E/N data reported by DouglaS" 

(23) Hamilton    and the drift velocity vs E/N curves calculated by Frost 

and Phelps   to fit the Pack arid Phelps    transport data, sustainer 

currents at one atmosphere for the N,  recombination dominated model 

were computed from 

J = n  • e ■ v = wa      *      ^ = /ST*"' e * Vr 
s   e      d 21  3 

The value of S used in this calculation was 1.8 x 10 /cm -sec which 

21  3 
corresponds to the argon value of 3 x 10 /cm -sec corrected for the 

(25) smaller stopping power    of nitrogen and its larger effective ioni- 

zation potential, W = 35 eV   .  The resulting J values are shown s 

in Table VI together with the actual J measurements. s 

This close agreement between predicted and observed sustainer 

currents at one atmosphere illustrates the danger of testing such a 

model at one pressure and assuming that success validates its application 

52 



at other nearby pressures.  The agreement for nitrogen at one atmosphere 

may be significant or may be fortuitous, but the model does not ac- 

curately predict the currents observed at 0.5 or 3 atmospheres. 

This behavior was also observed in a series of careful measure- 

ments conducted using the same e-beam source but a considerably smaller 

sustainer chamber.  In the fall of 1974, in connection with the use of 

the Maxwell device as a C0? laser amplifier, a study was made of sus-- 

tainer currents in nitrogen using a 1.8 cm by 20 cm anode spaced 1.1 cm 

from the e-gun foil in a small Lucite chamber.  This chamber was capa- 

ble of being readily evacuated to sub-micron pressures to eliminate 

problems due to gaseous impurities adhering to the anode and inner walls 

of the chamber.  The small anode area prevented any significant sus- 

tainer voltage droop.  This reduced anode area also minimized any errors 

introduced by variations in J across the height or length of the anode. 

This could be a significant factor, particularly at pressures greater 

than an atmosphere for the large 10 cm x 100 cm anode used in the HC1 

experiments as well as the previously discussed argon and nitrogen J 

measurements.  These improved conditions were further aided by the much 

smaller 2 cm x 20 cm e-beam entrance window and 1 cm anode-cathode dis- 

tance.  Energy deposition gradients and expansion of the discharge 

beyond the inter"-electrode volume would be minimized under such condi- 

tions. 

As Fig. 29 indicates, even under these carefully controlled con- 

1.2 
ditions the pressure dependence of J^ was observed to be P '' between 

0.1 and 0.5 atmospheres with the four data points Involved fitting this 
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value closely.  This again looks like behavior dominated by attachment 

to some pressure independent impurity in the chamber.  However, that 

explanation is inadequate for two reasons.  First it would only produce 

1 12 
a P rather than a P '  pressure dependence and the data strongly im- 

1 2 
plies a P '" pressure dependence.  In addition, a very high partial 

pressure of the impurity would be required.  If the attachment rate 

-10  3 
constant were assumed to be as large as 1 x 10   cm /sec for the 

unknown impurity, a concentration of between 3 torr in the 0.1 atm case 

and 2 torr in the 0.3 atm case would be needed to explain the diver- 

gence from an extrapolation of the well-behaved J line between 0.5 

and 5 atm into the 0.1 to 0.5 atm region.  Even in the unlikely case 

where the rate constants were ten times larger the corresponding im- 

purity concentration would be unacceptedly large. 

As in the previous measurements in argon and nitrogen, a sharp 

rolloff of J at higher pressures is observed.  However, rather than 

occurring at between two and three atmospheres as it did for the large 

2 
sustainer chamber with the 1000 era anode, it began at five atmospheres. 

This suggests, that either the method by which J is measured or the 

configuration of the sustainer chamber itself has a marked influence 

on the observed J behavior for such high e-beam current devices.  The 
s ö 

influence is apparently strong enough to interfere with any modelling 

attempts in the large chamber at higher pressures.  This effect could 

reflect inadequacies inherent in measuring a "J " over a large area 

under conditions where significant current gradients are to be expected 

as the region of e-beara ionization begins to expand beyond the frontal 
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area of the anode due to increased multiple scattering.  Alternately, 

it could be due to energy deposition deviations from linear behavior 

as the mass thickness exceeds the "thin" target limit. 

Whatever cause, or combination of causes, is responsible, the 

small chamber measurements clearly demonstrate that the unexpected 

current behavior observed for argon and nitrogen in the discharge 

chamber used for the HC1 experiments is not peculiar to that device. 

6.  HC1 Experiment Conclusions 

Because even pure argon and nitrogen sustainer current measure- 

ments under more carefully controlled conditions produced unexpected 

results, and since the diagnostics available on the present device made 

a more detailed inquiry impossible, the project was terminated at this 

point.  Although not successful in yielding laser action, these experi- 

ments did lead to several useful conclusions and recommendations.  The 

three conclusions relate to the feasibility of a HC1 laser.  The rec- 

commendations establish guidelines which should be followed in execu- 

ting any similar program in the future. 

The direct electric discharge pumping of HC1, even using an e- 

beam as a source of ionization, is not likely to result in an effi- 

cient 3-4 micron laser operating at room temperature.  The sixteen 

possible combinations of 50, 75, 100, and 125 torr HC1 partial pres- 

sures and 0.5, 1, 2, and 3 atmospheres total pressure in an argon dilu- 

ent were investigated over a wide range of E/N .. values centered about 

those predicted to give maximum gain.  The round trip cavity loss was 

only 10% while the discharge region was 100 cm long so that gains 
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greater than 0.05%/cm should have resulted in detectable stimulated 

emission.  Laser action was never observed.  Any gain produced in the 

wide parameter space spanned must have been extremely weak.  The possi- 

bility of gain outside this parameter space seems remote.  At higher 

HC1 partial pressures HC1 self-quenching becomes an important energy 

sink, and any laser produced in this region which can overcome such a 

drawback will be inefficient because of this loss process.  At lower 

HC1 partial pressures the direct pumping mechanism is proportionately 

decreased.  This in turn produces a quadratic decrease in the rate of 

the anharmonic pumping process responsible for channeling vibrational 

energy into levels from which stimulated emission can occur.  Decrea- 

sing the argon partial pressure much below the 0.5 atmosphere minimum 

used in these experiments while maintaining the same HC1 partial presr- 

sure and E/N .. would provide inadequate stopping power for the ~ 300 

keV electrons of the e-beam.  The discharge currents measured in the 

previously described Ar:HCl experiments showed a significant decrease 

in going from a total pressure ol one atmosphere to 0.5 atmospheres. 

It should follow that increasing the argon diluent pressure to 

exceed the three atmosphere total pressure investigated would increase 

the ionization produced by the e-beam and lead to greater discharge 

currents.  However, such a course only serves to radically reduce the 

discharge current observed and hence is not an attractive alternative. 

In addition, such a diluent pressure increase would serve to decrease 

the gain by broadening the linewidth of the transitions involved.  The 

final alternative of going to higher or lower E/Nun1 values produces 
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discharge breakdown due to arcing in the case of higher values, and 

excessive gas heating in the case of lower values.  Hence it would 

seem that the most favorable parameter space has been thoroughly inves- 

tigated at room temperature without the observation of stimulated emis- 

sion. 

The low temperature Ar:HCl experiments where stimulated emission 

was also not observed were not as conclusive as the room temperature 

study.  The erratic beam deflections caused by temperature or concen- 

tration gradients could easily have prevented any multi-pass operation 

of the optical cavity.  The cavity itself had a round-trip loss of 42% 

for the cooled runs so that the required threshold gain was 0.2%/caa or 

four times larger than in the room temperature case. The discharge 

currents in the cooled case were unfavorable both because of a marked 

decrease coaipared to room temperature and because of the anomalous 

pressure dependence.  The Ar.HCl discharge currents decreased by a fac- 

tor of six, the Ar currents increased by a factor of four, and were 

independent of pressure over the range of 0.5 to 3.0 atmospheres. 

The discharge kinetics had clearly been altered by either the cooling 

or the cooling apparatus. 

The room temperature results lead to a third conclusion that 

deals not with the absence of laser emission, but with the presence of 

an important kinetic process involving Ar and HC1 which has not yet 

been incorporated into kinetic models of this system.  In the course 

of this investigation the importance of the reaction Ar + HC1   • 

ArH + Cl was established, But there must also be a reaction mechanism 
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which accounts for the precipitous drop off in the discharge current 

measured for a given partiai pressure of HC1 and E/N . as the argon 
HC1 

diluent brings the total pressure from one to three atmospheres.  An 

explanation for this behavior must be furnished before any further 

effort is expended on this system, 

7.  Future Program Recommendations 

The recommendations arising from this project pertain to the 

design of future e-beara sustainers to be used in investigating related 

proposed lasers.  They also suggest how kinetic models of those pro- 

posed systems should be checked against experimental data in the 

early stages of any such study. 

A serious drawback in the discharge chamber used in the Ar:HCl 

experiments was the lack of a port for viewing side emission.  Future 

chamber designs should incorporate at least one pair of windows provi- 

ding a viewing axis perpendicular to both the laser output axis and 

the e-beam current direction.  Such a coaxial pair of viewing ports 

would allow simultaneous monitoring of a particular emitting region 

with two different filter'-detector combinations.  It would also enable 

gain or absorption measurements to be made without disrupting the 

optical cavity lying along the main chamber axis.  Since simultaneous 

gain/absorption and fluorescence measurements are often invaluable in 

achieving stimulated emission, the installation of two or more such 

port pairs is advisable. 

To avoid having discharge voltage droop become an important con- 

sideration it would also be advisable to reduce the width of the anode 

S8 



as rauch as possible.  In these experiments 2.5 era optics were used 

together with an anode that was 10 era wide.  Both of these dimensions 

were unnecessarily large.  One era optics with a 2 cm wide anode would 

certainly have sufficed and would have reduced the drain on the dis'- 

charge capacitor bank by a factor of five.  The cathode-anode distance 

could similarly be reduced from 10 to 2 era.  This would decrease the 

problem of an energy deposition gradient occurring between the cathode 

and anode at high argon diluent pressures.  It would also reduce the. 

overall discharge chamber size tc more manageable proportions.  Such 

a size reduction would also enable a given pumping system to perform 

more adequately and diminish the required quantities of often expen- 

sive gases used. 

The chamber itself should be fabricated from materials that are 

not corroded by the gases used or by transient species produced in the 

discharge.  The chamber used in the Ar:HCl experiraents was made of raild 

steel since it had been originally designed for use with C0„ N„ and 

He.  Consequently corrosion problems were severe, rad gas entrapment 

on the corroded surface led to difficulties in trying to achieve a 

submicron vacuum. 

The high voltage leads into the chamber frora the discharge capa- 

citor bank should be designed for high vacuum operation.  This was 

another problem encountered in the Ar;HCl experiments which made it 

very difficult to thoroughly pump out the chamber for the Faraday cup 

experiraents or prior to the critical pure Ar and N« studies. 
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Adequate diagnostics should be incorporated as an integral part 

of the chamber design.  Of prime importance would be at least one, and 

(23) 
preferably more, current button    built into the anode to permit a 

more meaningful measurement of the discharge current density.  Under 

evacuated conditions such a button could serve as a built-in Faraday 

cup to cheik for e-beam current strength variation-, whenever the func- 

tioning of the e-gun became questionable.  A series of buttons would 

allow the important questions of e-beara and discharge current unifor- 

mity to be unambiguously answered.  Provision should also be made for 

(23) 
the insertion and removal of probes    to determine the local E/N 

across the discharge. 

Any device should incorporate, or at least allow for the addition 

of, a well-designed flow system.  For room temperature systems flowing 

the gas has the advantage of ensuring gas purity.  In cooled systems 

such an approach is mandatory to establish and maintain a known tempera- 

ture.  The serious beam deflections encountered in the cooled Ar:HCl 

experiments stress the importance of minimizing the temperature and 

concentration gradients any such cooling system is prone to introduce. 

At the minimum a flow device similar to the AVCO sintered metal heat 

(27) 
exchanger    should be used to ensure a uniformly mixed and cooled 

flow.  Again care must be taken to use only materials which resist 

corrosion. 

Before commencing an investigation of the gas mixture of interest 

±11  the newly constructed chamber, a preliminary study of discharge 

currents observed in argon and nitrogen should be completed for that 
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chamber.  Such a study should include pressures ranging from 0.1 to 

10 atmospheres for both gases with measurements at several E/N values 

for each gas.  Diese data will enable an important check to be made 

against known drift velocity and recombination rate data.  Thus even 

if the e-beam energy deposition source lerm S is not well known, the 

observed variation in J as a function of E/N can be compared with the 
s 

known v  1 Ja  ratios provided by available data since for a recombination 

dominated discharge 

J = n  • e • v = /s/eT ' e ' v, .        (30) 
s   e      d d 

If the observed J behavior follows no simple relationship, 

attempts to model an electric discharge laser in that particular device 

will be difficult and any experimental program carried out will be 

essentially an empirical exercise. 

If instead predictable benavior is achieved for argon and nitrogen 

over a wide pressure range the time and funds required to construct 

i  kinetic model for the system of interest will be well invested. 

However, before such a model advances beyond the discharge kinetics 

stage, this initial part of the overall model should be used to pre- 

dict discharge currents over a wide r«. ;e of partial pressures and E/N 

values.  Only if good agreement is achieved at this point is the con- 

siderable expense of incorporating a chemical kinetics package war- 

ranted. 
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E/N 

(10"16V-cTn2) 

3 

4.5 

6 

7 

9 

10 

12 

15 

TABLE 1 

COMPARISON OF HC1 EXPERIMENTAL 

AND PREDICTED DRIFT VELOCITIES 

vJ DATA
3 

d 

(.10 cm/sec) 

2.5 

A.4 

4.5 

5.0 

6.0 

Vj PREDICTION 
d 

(10 cm/sec) 

2.5 

3.7 

4.5 

5.1 

5.7 

5.8 

6.1 

6.4 

Obtained from transport data of V. A. Bailey and W. E. Duncanson, 

Phil. Mag. 10, 145 (1930). 

Calculated using the Physical Sciences Incorporated electron- 

molecule cross section set for HC1. 
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TABLE II 

COMPARISON OF HC1 EXPERIMENTAL AND 

PREDICTED ELECTRON CHARACTERISTIC ENERGIES 

E/N Eg DATA3 E^ PREDICTION13 

(10"16V-cm2)                (eV) (eV) 

3                 0.084-0.093 0.08 

4.5                   0.145 0.12 

6 0.162-0.175 0.165 

7  0.20 

9                 0.294-0.32 0.33 

10                     0.43 

12                  0.54-0.56 0.73 

15                     1.31 

Obtained from transport data of V. A. Bailey and W. E. Duncanson, 

Phil. Mag. 10, 145 (1930). 

Calculated using the Physical Sciences Incorporated electron-molecule 

cross section set for HC1. 
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TABLE V 
MINIMUM GAS IMPURITY PARTIAL PRESSURE REQUIRED TO 
PRODUCE OBSERVED SUSTAINER CURRENT DENSITY IN ARGON 

P 

(atra) 

0.5 

1.0 

2.0 

3.0 

(A/cm ) 

7.45 

13.75 

42.20 

42.20 

(1014/cm3) 

1.72 

3.18 

9.77 

9.77 

a Ar, 

(sec ) 

3.61xl06 

6.68xl06 

2.05yl07 

2.05xl07 

X 

(torr) 

0.75 

1.38 

4.29 

4.29 

s.min 
(A/cm2) 

9.21 

13.03 

18.42 

22.56 

J 
s,max 
(A/cm2) 

11.55 

16.33 

23.09 

28.28 

a -17   2 
Observed sustainer current density at E/N = 2.45x10  V-cm and T = 
300oK. 

Electron number density calculated from Js using drift velocity 2.7x 
105cm/sec reported for E/N = 2.45xl0"17V-cm2 by / G. Englehardt and 
A. V. Phelps, J. Chenr. Phys. 133, A375 (1964). 

c + 
Electron number density reciprocal lifetime established by Ar2 disso- 
ciative recombination reaction.  Ar2 concentration assumed equal to 
ne.  a = 2.1xl0-°cm-Vsec calculated using Englehardt and Phelps cha- 
racteristic electron energy, % = 7 eV, and the relation a = 8.8x10 -7 

(300OK/Te)
0'67 observed by F. J. Mehr and M. A. Biondi, Phys. Rev. 

176, 322 (1968).  For this calculation a Maxwellian distribution was 
assumed so that Te = e^ • 11605 K/eV.  This produces a lower bound 
estimate of a. 

Impurity concentration required to have electron number density reci- 
procal lifetime established by dissociative attachment to X equal 
that due to dissociative recombination with Ar2 .  ka was assumed 
equal to largest value predicted using Physical Sciences Incorporated 
electron-molecule cross section set for HC1, 1.5xl0""10cm3/sec. 

'Predicted sustainer current density = v^ • /S/a • e using v^ = 2.7x10-' 
cm/sec, S = 3xl02Vcm^-sec, and a= 3.3xl0~8cm^/sec.  This a was cal- 
culated using eK = 3.5 eV since electron energy distribution computed 
by Englehardt and Phelps for eK = 8.60 eV was most closely fit by 
Maxwellian distribution with eK = 4.30 eV. This increased a produces 
lower estimate of J . 

s 
"Predicted sustainer current density = VJ 
2.7xl015cm3/sec, S = 3xl021/cm3-sec, and 
ponding to the Englehardt and Phelps c^ = 

a = 2.1x10 
7 eV. 

e using v^ 
-8 cm 3/ sec corres- 
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TABLE VI 

PREDICTS) AND OBSERVED SUSTAINER CURRENT DENSITY 

VS E/N FOR NITROGEN AT ONE ATMOSPHERE, 300OK 

E/N 

(10"16V.cra2) 

O.AO 

0.49 

0.57 

1.10 

(10 cm /sec) 

1.50 

1.03 

0.90 

0.84 

(10 cm/sec) 

0.98 

1.14 

1.20 

2.00 

s.pred 
(A/cm2) 

17.2 

24.1 

27.2 

46.8 

J  . 
s,obs 
(A/cm2) 

17.0 

21.5 

26.4 

47.1 

aN + 
4 N, dissociative recombination rate constants reported by D, H. 

Douglas-Hamilton, J. Chem. Phys. 58, 4820 (1973). 

Electron drift velocities calculated by L. S. Frost and A. V. Phelps 
Phys. Rev. 127, 1621 (1962) to fit transport data of J. L. Pack and 
A. V. Phelps, Phys. Rev. 121, 798 (1961). 

"Predicted sustainer current density = S/ö S = 1.8xl02/cm3- 
sec was calculated from the known e^beam current density of 5A/cm2. 
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PSI HCI ELECTRON COLLISION CROSS SECTIONS 
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Figure l() - Physical Sciences Incorporated electron-HC I cross section set. 
Vibrational cross section shapes are from Rohr and Linder (Ref. 4). 
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UTRC HCI ELECTRON COLLISION CROSS SECTIONS 

ELECTRON ENERGY (eV) 

Figure 11  - United Technology Research Center electron-HCl cross section set. 
Figure taken from Ref. 17. 
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UTRC CALCULATED ELECTRON-MOLECULE RATE COEFFICIENTS 

IQ" 

HCI: He = 1:9 

10 -8 

E u 

"   10" 
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10 -10 

6" + HCI(O) -*e-+ HCKD 

e-+ HCI(0)-e-+ HCI(2) 

18 12 14 16 

E/N (lO"17 V-cm2) 

Figure 12 - HCI electron-molecule rate coefficients calculated for : 9 HCI:He mixture using 
United Technology Research Center HCI cross section set and resulting electron energy dis- 
tribution vs E/N. Figure taken from Ref. 17. 
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PSI CALCULATED ELECTRON MOLECULE RATE COEFFICIENTS 
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Figure 13 - HC1 electron-molecule rate coefficients calculated for 1:9 HCl:Ar mixture using 
Physical Sciences Incorporated HCI cross section set and resulting electron energy distribution 
vsE/N. 
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PSI CALCULATED ELECTRON-MOLECULE RATE COEFFICIENTS 
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Figure 15 - HCI electron-molecule rate coefficients calculated for 1:29 HCI:Ar mixture usine 
Physical Sciences Incorporated HCI cross section set and resulting electron energy distribution 
vs E/N. 
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PSI CALCULATED ELECTRON-MOLECULE RATE COEFFICIENTS 

ID"7 

HCI:Ar = 1.9 

HCI:Ar = 1.29 

T 

e- + HCI(0)-e-+HCI(1) 

10 

JHCI F./Nnri(10-,cV-cm2) 

Figure 17 - Comparison of HCI electron-molecule rate coefficients for 1:9 HChAr (- ) 
and 1 ;29 HCI:Ar( ) mixtures as a function of E/NHO indicating that this parameter predom- 
inantly determines the discharge kinetics. Rate coefficients were calculated using Physical 
Sciences Incorporated HCI cross section set and resulting electron energy distributions vs E/N. 

77 



I, 

C/D 
LU 
cc 

X 

00 

< 
CC 

5 o 

o 

< 
oc 

daJSNVdi b3flA0d IVNOIiOVbd 

78 



X 
S 
< 
G 
i 
cc 
o 

cc 

o 

/     / 

I 1                 1 

/    / 

// 

- // 
-] 

i \ / 

 
  
 1

00
%

 

 
H

C
I:A

 

 
H

C
I:A

 

-\ 

V 
1     1     1 

-J 

- -j 

s 
L_ V. J 

Xv 
N ^ 

1          1          1 1 1                   1 

_    CO 

u an 
< e 
U a 
X   <u 
a\ 
n -o 
- s 3 
■o 

Ss 
c 1     0 ^-> 

1      '-* 
r Ü 
<   .r 
—     VI 

u 2 
I u 
50 

-% ~ X 
s T3 
V 1) 
> 
— 1   o 
o 

Z  u 
I ^■s 

2 g * 
UJ 2 « 

as 
■9 y g   C/l z 
rj 

'■9 n til 
(U .- 
i_    y^ -> 
Q.   >, 
._  x: c 

lo
ci

t>
 

ng
 

P 0 
a 

Xi ri u 

? -r ■a 

°s >, 

1     X IU 
c 

^   E u 
•^> B 
u T 0 u 

.§-! 
U.   J,    u 

(33S/IUD   oi) Ail3013Aldiaa 



PREDICTED CHARACTERISTIC ENERGY FOR HCI.Ar MIXTURES 
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ligure 20 - Characteristic energy predicted for 1009? HCK ), 1:9 HCT.Ar ( ),      and 
1:29   HCi:Ar( ) mixtures using  Physical  Sciences  Incorporated   HCI cross section set 
and resulting election energy distribution vs F./N. 
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GAIN PREDICTED BY PSI FOR 1 ATM 300 K 
1:9 HCI:Ar MIXTURE (NO ATOM QUENCHING) 

10" 

10 -2 

E u 

< 

CO 
—I 
—I 

5 
10 -3 

io- 

i—r I   I   i   I T i i i i i i i i j 

E/N HCI = 1.185 x lO'15 V-cm2 I 

5.5 X 106 cm/sec 

in 

J.   = 6 amps/cm2 

ne   = 6.8 x 1012cm 

3 jusec 

10 15 20 

Figure 21 - Gain predicted by Physical Sciences Incorporated for one itmosphere 300oK 
1:9 HCI: Ar mixture with a 3 /Lisec6 amps/cm2 sustainer current pulse at an E/N//r(= 1.185 X|0 ,:' 
V-cm2. The four lines with the highest peak gain are shown. Quenching due to H. Cl, and CT 
was not included in these calculations. 
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GAIN PREDICTED BY PSI FDR i ATM 3ÜQ K 
1:9 HCI:Ar MIXTURE (WITH ATDM QUENCHING) 

io- LI   I   I   I 

10 -2 

E u 
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III! I   I   I   I I   I   I   IJ 

E/N HCI 1.185 x 10-15V-cin2    - 

V0 = 5.5 X 106 cm/stc 

ne  = 6.8 x 1012cm_3 
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l   1   I 

20 

I igure 22  - Gain predicted by Physical Sciences Incorporated for one atmosphere 300°K 
1:9 HCI: Ar mixture with a 3 Atsec 6amps/cmz sustainer current pulse at an E/N//r/= 1.185 X 10 " 
V-cm2. The four lines with the highest peak gain are shown. Quenching due to H, Cl. and Cl 
was included by increasing the HCI self-deactivation rate by a factor of three. 

8^ 

^^_i  Eüv "   - iiriiifT 



PREDICTED AND OBSERVED SUSTAINER CURRENT FOR 1 ATM 1:9 HCI:Ar MIXTURE 

10 

'HCI E/Nuri(10"16V-cm2) 

Figure 23 - Predicted (- •) and observed I A) sustainer current for 1 atm 1:9 HC1: Ar mixture. 
Predictions were made using the drift velocity, characteristic energy and rate constant for dis- 
sociative attachment calculated using the Physical Sciences Incorporated HCI cross section set 
and resulting electron energy distribution vs E/N. Dissociative recombination rate constant for 
An-* was computed using the characteristic energy in the Mehr and Biondi (Ref. 15) expression 
for «. B-beam ionization source term S = 3 x I02l/cm:!-sec was used. 
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PREDICTED AND OBSERVED SUSTAINER CURRENT FDR HCI:Ar 1:29 MIXTURES 

100 

C-J 

1 r 

PREDOBSD 

3 ATM         A 

2 ATM      • 

-L. 

10 

"HCI1 

12 14 16 18 

Figure 24 - Sustainer current for 1.29 HCI:Ar mixtures at 2 atm (— ■ — predicted: 9 observed) 
and 3 atm (  predicted; A observed) total pressure. Predictions were made using the drift 
velocity, characteristic energy and rate constant for dissociative attachment calculated using 
the Physical Sciences [ncorporated HCI cross section set and resulting electron energy dis- 
tribution vs E/N. Dissociative recombination rate constant for Arj* was computed using the 
characteristic energy in the Mehr and Biondi (Ref. 15) expression for a. E-beam ionization 
source term 8 = 3 X lO-'/cnV-sec was used. 
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PREDICTED AND OBSERVED SUSTAINER CURRENT FOR HCI;Ar MIXTURES 
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Figure 25 - Predicted and observed sustuiner current for HCi: Ar mixtures. Shaded areas indicate 
range of sustainer currents observed for a given argon diluent pressure and E/NHC/. Any difference 
between various HCI partial pressures was minimal. Predictions were made using the drift 
velocity, characteristic energy and rate constant for dissociative attachment calculated using 
the Physical Sciences Incorporated HCI cross section set und resulting electron energy distri- 
bution vs E/N. 
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FARADAY CUP MEASUREMENT OF E BEAM CURRENT 
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Figure 26 - Faraday cup measurements of the e-beam current passing through a ?5 ixm titanium 
foil for Z/Lisec (O), 3 ^sec (A) and 4 /u,sec (D) pulses and an e-gun voltage of 300 kV. Also shown 
is the product of the e-beam current and the pulse length. 
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Figure 27 - Observed sustainer current in pure argon vs pressure for an E/N = 2 45 x 10 " 
V-cm2. Slopes corresponding to P2, P1, and P1'2 pressure dependence are also shown. The dashed 
lines show the sustainer currents predicted for a drift velocity of 2.7 x 105 cm/sec, an e-beam 
ionization source term S = 3 x 1021/cm3-sec-atm, and Ar2+ dissociative recombination rate 
constants, a, of 2.1 x i() * cm3/sec ( ) and 3.3 x 10 8 cnr'/sec ( ). 
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NITROGEN SUSTAirVER CURRENT VS. PRESSURE 
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f igure 28 - Observed sustainer current in pure nitrogen vs pressure for E/N values of 1.10 x 

10 '«V-cm* (,; )• 0.57 X 10 '"V-cm2 (D), 0.49 x 10 '»V-cm2 (A), and 0.41 x 10 16V-cm2 (O). 

Slopes corresponding to P2. I", and Pl/! pressure dependence are also shown. 
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Figure 29 - Observed sustainer current in pure nitrogen vs p.esn.'ic for an E/N = 0.66 x 10 l8 

V-cm2. Measurements were made in a small discharge chamber with a 1.8 x 20 cm anode. 
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ELECTRONIC STATE LASERS 

1.   Electron Beam Initiated Vlslble/UV Transition Lasers 

Under previous DARPA sponsorship thii first rare gas hallde 

laser, XeBr, was discovered at NRL,    In conjunction, kinetic 

modelling techniques were utilized to establish an elementary reac- 

tion mecjar.lsm for the production and loss of transient species r_le- 

(2) 
vant to the laser operation.    During the current reporting period, 

the NRL e-beam facility was used to obtain further information about 

the XeBr laser and about the excitation and decay processes related 

to the KrF laser system.  The KrF kinetics were investigated by 

the fluorescence pulse shape analysis technique. 

The operating conditions of the XeBr laser including laser 

power and fluorescence intensity were monitored as a function of the 

partial pressures of Xe and Br«.  Laser emission was found to occur 

over a limited range of conditions and was sensitive to small fluctua- 

tions in the e-beam pumping current. These observations indicate 

the near threshold nature of the laser.  Consequently, it is believed 

that the peak laser output of - 200 W could be substantially increased 

but that it is unlikely to be competitive with the KrF laser.  Experi- 

mental d uails are given in Appendix 3. 

Emission resulting from reactions (1) and (2) 

(1) Xe* + BrCN -*► XeBr* + CN 
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(2) Xe* + BrCN -"»-Xe + Br + CN(B) 

was examined next.  It was felt that e-beam excited Xe-BrCN mixtures 

might generate more powerful laser emission than Xe-Br,, mixtures since 

deactivation by Br,, would be avoided.  BrCN was chosen as a Br donor 

because it is diatomic and a pseudo halogen molecule. 

The experimental approach was to determine the yield of XeBr* 

from stop (1) relative to the yield of XeBr* from a similar reaction 

with Br«.  A mixture of 1% BrCN in Xe gave the brightest fluorescence, 

howevoi, the inte ..    at 1 atm was lower by an order of magnitude than 

that from Br«.  Al hough this fact alone virtually precludes any possi- 

bility of efficient laser emission, some additional experiments were 

undertaken.  Figures 30 and 31 show spectra at total pressures of 33 

and 370 torr respectively.  At the higher pressure XeBr* emission at 

282 nm is dominant whereas CN(B) emission is seen exclusively at 

33 torr. Apparently the CN(B) emission is more readily quench-:d than 

XeBr* and it appears that step (1) is a minor reaction pathway.  The 

spectrum of XeBr* differs from previously observed spectra, in that 

the broad band at 330 nm is absent.  This strongly suggests that 

the two bands originate from different excited electronic states of 

(2) 
XeBr. The number of states involved has been a matter of controversy. 

Finally, a search was made for emission from XeCN*. While this 

species has never been observed, the similarity between CN and the 

halogens suggests its existence. The region from 250-650 nm was 

monitored on Polaroid type 57 film and a soiar blind and an S-5 ITT 
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photodiode were used to cover the 170-600 nm region photoelectrlcally. 

Emission from the proposed XeCN* was not observed. 

These tasks completed the investigation of the XeBr laser.  Sub- 

sequently, the fluorescence pulse shape analysis technique was used 

to obtain mechanistic information on e-beam excited Kr-SF, and Kr-F„ 

mixtures at low pressure.  The objective was to measure the radiative 

lifetime of KrF* which is needed for laser modelling calculations. 

At present the value has been estimated to be 50 ns but has not been 

measured and it was felt that at NRL we were in a unique position to 

make the measurement because the required computer pulse synthesizer 

program was available from our XeBr* research program.  Furthermore, 

the lifetime cannot be measured by the more direct laser fluorescence 

technique because the lower level is unbound. 

The approach to the problem is as follows.  Time resolved fluo- 

rescence measurements are taken from excited rare gas-halide mixtures 

at low pressure which is essential to simplify the reaction mechanism 

so that a minimum number of unknown rate constants are involved. 

At sufficiently low pressure, quenching reactions become negligible 

and the pathway beginning with rare gas ion formation and ending with 

rare gas halide creation can be ignored.  The ion route simply occurs 

over a much longer time interval than the direct rate listed in steps 

(3-5) which are the only important reactions at low pressure. 

(3) e + Kr —•* Kr* + I 

(4) Kr* + F2 i^KrJ* + F 

(5) KrF* ill^Kr + F + hv 
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In the low pressure limit, step (4) becomeü almost completely rate 

determining and emission measurements under these conditions lead to 

k,.  As the pressure is raised reaction (5) begins to affect the 

fluorescence pulse shape but a correction must be made for quenching. 

Experimentally, emission intensities are measured over the 

appropriate pressure ranges.  These data are digitized and compared 

to computer generated traces arising from a matrix of k. and k,. values 

and a best fit is selected.  The procedure must be free of complica- 

tions because under no conditions does rate (5) become the rate-con- 

trolling step. 

An initial series of experiments were performed with Kr-SF, mix- 

tures.  Fluorescence traces resulting from KrF* emission were recorded 

over a wide range of partial pressures and surprisingly the pulse- 

widths (FWHM) were always much shorter than expected.  For example, 

at the lowest pressure, 3.1 torr of Kr with .0625% SF , the FWHM was 

1.2 ysec.  The direct mechanism indicates that the FWHM should not be 

less than approximately 40 psec if a gas kinetic rate constant for Kr* 

reaction with SF, and a sub-microsecond rate constant for emission 
6 

are assumed.  These data, along with the knowledge that the e-beam 

initially makes about three times as many rare gas ions as metastable 

species suggests that some much faster ion-electron reaction is domi- 

nating the fluorescence spectrum.  Because charge recombination occurs 

after a three-body dimerization step the ion chemistry route to RX* 

(2 3) 
is so slow that it can be ignored '  at low pressure. However, in 

Kr-SF, mixtures the narrow pulse widths observed forces a reconsideration 
D 
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of this assumption.  We believe that the following fast reactions 

account for the short fluorescence pulse, 

(6) e + Kr -*• :;r+ + e + e 

{7)   e + SF, -♦ SF ~ + F 

(8) Kr+ + SF5"-^ KrF* + SF, 

The dissociation attachment step (7)is expected to be fast because of 

its large cross section, and reaction (8) is also expected to be fast 

because this type of process typically has a rate constant on the order 

of 10  cm /sec. 

In, further experiments fluorine was used as the halogen donor 

but the fluorine was available to us only as a He/2% F« mixture. 

Helium is essentially transparent to the electron beam and does not 

complicate the reaction kinetics as a result of energy transfer from 

electronically excited helium species to Kr or F_ except at the highest 

pressures reported here.  Multiple e-beam shots of a single gas fill 

were found to seriously degrade the exciplex emission intensity, hence 

the stainless steel cell was evacuated and refilled after each shot. 

Fluorine Is a betuer reactant than SF. because the recombination 
6 

step (9) is much slower t/nan reaction 8 at low pressure.  The pulse- 

(9) Kr+ + F" + M —"-ICrF* + M 

widths for the KrF fluorescence were, as a result, in agreement with 

the original predictions.  The next effort was to verify that steps 

(3)-(5) were sufficient to explain the observations for Kr/F- mixtures. 

Other possible areas of importance are the quenching reactions, 

steps (10) and (11) 
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(10) KrF* + F —*.Kr + F + F2 

(11) KrF* + Kr -Kr  + Kr + F 

Step 8 can be ignored at low pressure because the maximum rate of 

reaction is less than the radiative rate.  However, even at the lowest 

pressures investigated, step (11) can be significant and its importance 

can be seen by the effect of the Kr pressure on the fluorescence pulse- 

width. The effect according to steps (3)-(5) would be a linear increase 

in the fluorescence amplitude with increasing Kr pressure.  The re- 

sults of this experiment are plotted in Fig. 32.  It is seen that 

doubling the Kr pressure from 25 to 50 torr decreases the FWHM by 60%. 

Therefore, clearly a step such as reaction (11) is needed to explain 

this observation. 

The effect of krypton pressure was not expected because a similar 

(2) 
effect was not observed for the Xe-Br„ system.    A similar set of 

experiments were done to investigate the role of helium as a KrF* 

quencher. The results presented in Fig. 33 demonstrate that the 

addition of small amounts of helium substantially increases the emis- 

sion intensely. 

There is no simple explanation for the surprising behavior of 

the fluorescence output for these gas mixtures.  It is known that the 

addition of small amounts of helium to the heavier rare gases can 

drastically affect the electron temperature through momentum transfer. 

It is probable that step (13) will be a fast process 

(12) e,.. „  . + He -*>He + e 
(1-2 ev) 

(13) e/n 0  N + KrF* -*-Kr + F~ (1-2 ev) 
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and therefore it was hypothesized that the He effect on the fluores- 

cence amplitude is caused indirectly through moderation of the 

electron energy distribution.  This implies that at low electron 

densities reaction (13) will become unimportant and the He effect 

will diminish.  Figure 34 reveals that the effect is still evident 

at substantially lower electron densities even when the electron 

density was reduced, by decreasing the e-beam current to a point where 

the fluorescence was diminished by an order of magnitude.  However 

it ran be seen that the FWHM of the emission does depend on the e-beam 

current.  An effect of this type can only be caused by a reaction such 

as step (13) in which two transient species react with each ether. A 

series of bimolecuiar reactions invOving only one transient species 

per reaction is not a possible explanation since such a mechanism will 

generate fluorescence whose temporal dependence is invariant with 

pumping Intensity. 

Reaction (13) remains a candidate to explain the observed phe- 

nomena.  It was anticipated that it might reduce the electron density 

sufficiently to eliminate step (12).  The dependence of the FWHM on 

electron density shows that this was not accomplished.  Hence, the 

effect of helium under weak excitation conditions is not entirely clear. 

If, indeed, the role of helium is to moderate the electron energy dis- 

tribution additional steps must still be proposed to fully explain 

the data. 

Any explanation for the observed decrease in the FWHM with added 

Helium must include a step leading to the formation or destruction of 

96 

-r*iTTrfifa 



KrF* which is accelerated by the presence of the helium.  The destruc- 

tion of KrF* has already been discussed.  A faster formation rate 

could occur if two electronically excited states of Kr were involved. 

Steps (14)-(16) 

(14) Kr** + F2
s]-^'KrF* + F 

(15) Kr* + F2—«►KrF* + F 

(16) He + Kr** —*• Kr* + He 

outline a possible mechanism to explain the data.  It is known that 

a number of electronically excited states of Kr are created by the 

electron beam and collisions with helium likely will alter the initial 

distribution of excited states.  Until now, Kr* has been used to rep- 

resen . a composite of all the neutral excited states which are present 

in the plasma.  For the first time the data cannot be explained unless 

the composite is divided into two groups labelled Kr* and Kr** as in 

steps (12)-(14). Kr** reacts more slowly and has a low yield of KrF* 

while Kr* reacts more quickly and has a higher yield of KrF*. This 

proposal accouiits for both the increased fluorescence intensity and 

decreased FWHM as a function of He concentration. 

In summary, the fluorescence from e-beam excited Kr:He:F mixtures 

cannot be simply explained. A similar study is being made of XeF* 

emission from Xe:He:F„ mixtures in order to evaluate the operative 

mechanisms in this laser system. 
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Fig. 3C — Emission spectrum from Xe:BrCN(13:l) mixture at 33 torr total pres- 
sure. The microdensitometer trace was taken from a negative made from the type 
57 Polaroid original. 
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3.  J. Telllnghulsen, J. M. Hoffman, G. C. Tisone, and A. K. Hays, 

J. Chen. Phys., to be published. 

2.  Discharge XeF and KrF Lasers 

Toward the end of the last reporting period, the first rare gas 

halide laser (in .ie form o*' XeBr) was discovered under this contract. 

Shortly afterwards, many other rare gas halide lasers were discovered 

in laboratories elsewhere.  Among them, the KrF and XeF lasers were 

found to be particularly powerful and efficient.  All those initial 

laser experiments were performed in high energy electron-beam devices. 

At NRL, the first successful operation of the rare gas halide 

laser (in the form of XeF) with electric discharge excitation was 

deiiionstrated (see Appendix 4).  The initial observation of discharge 

pumped XeF laser action was made in a capacitive transfer device com- 

monly used for the N„ laser.  Since then, greatly improved performance 

o£ the XeF laser in a Blumlein-type apparatus has been obtained.  In 

the latter case, we have also succeeded in achieving laser action in 

KrF.  At present, the energy output and overall efficiency in XeF and 

KrF in th< Blumlein device are 80 mJ at 0.8% and 30 mJ at 0.3% res- 

pectively.  Compared with the best overall efficiencies obtained in 

e-beam experiments, the XeF result is about 25 times better and the 

KrF result about a factor of 3 lower. We are at present limited in 

operating pressure to a maximum of 1 atm if severe arcing is to be 

avoided.  The incorporation of some preionlzation scheme should allow 

much higher pressure operation with accompanying higher energy output 

and efficiency.  It would also make possible scaling to larger volumes. 
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It is apparent that direct discharge excitation is an attractive 

mode of operation from high repetition rate considerations.  Large 

volume discharge excitation of high pressure CCL lasers (with preioni- 

zation) is a well developed technology.  We believe that a similar 

device can be effective for pumping the rare gas halide systems, and 

will actively explore that possibility. 

3.  Chemical Ba Laser 

An experimental evaluation of the chemical Ba laser concept was 

initiated during this reporting period.  The idea for this laser 

scheme came from the realization that by transferring excitation from 

reaction roduct molecules to some atomic species, one could achieve 

orders of magnitude increase in state densities.  The higher state 

densities in turn means a greater likelihood that useful gains can 

be achieved in a reasonable-sized device.  The basic steps involved 

in the chemical Ba laser scheme are the following. 

(1) Ba + NO -^BaO* + N 

(2) BaO* + Ba(1S) -•► Ba^P) + BaO 

(3) BaC1?) -*3a(1D) + hv (1.5 y) 

(4) Ba(1D) + M —^3a(1S,3D) + M 

These are indicated schematically in Fig. 35.  Past studies have 

shown that collisional quenching of BaO* by Ba proceeds at near gas 

kinetic rate.  It, therefore, appears that an efficient transfer to 

the atom can be effected in this case. 

As we believed that proper gain diagnostics is an essential 

part in the discovery of new lasers, the initial phase in this program 
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centered on the development of a suitable probe source.  It was felt 

that one might be able to make a cw optically pumped Ba laser at 

1.5 n by using a 5535 A cw dye laser output to excite the Ba 

( S """*" P) transition.  One could then use steps 3 and 4 above to 

complete the laser process.  This idea was tested experimentally and 

was found to work well.  At first, N„ was used as a quenching gas in 

the optically pumped l.^  \i  Ba laser.  But, subsequently, it was found 

that the laser worked even in pure Ba.  This optically pumped laser 

has since served as the backbone for the diagnostic work on the 

chemically pumped Ba system. 

The reactor itself consists of a resistively heated oven-nozzle 

combination with the nozzle situated in the middle of a 5" x 0.5" 

flow cross section.  The gas flow rate in the region of the nozzle 

is estimated to be near sonic.  In typical runs, Ba vapor at ~ 1 torr 

is picked up by He and transported through the nozzle, to be mixed 

with the N„0 stream which flows around it.  At the operating pressure 

of ~ 1 torr, the extremely bright flame which results stretches down- 

stream for about 0.5".  Brewster's windows with 0.5" aperture at the 

two ends of the nozzle permit either intracavity probing or direct 

laser oscillation attempts. 

In the intracavity probing experiments, the Ba oven (for the 

optically pumped laser) and the reactor are placed on the same optical 

axis inside a laser cavity. The 5535 A pump beam enters tve cavity 

from the end nearer to the Ba oven and is totally absorbed in the 

latter.  The intensify of the 5535 A beam is adjusted to get the 
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optically pumped 1.5 11 laser just above threshold,  The power of the 

1.5 u laser beam emerging from the opposite end is monitored as condi- 

tions in the reactor are varied.  When the Ba flow in the reactor is 

turned on, a decrease in the 1.5 y laser output is observed due to 

the presence of a thermal population of Ba in the D state.  This 

decrease can be made smaller when N„0 is introduced into the reactor 

and the flame initiated.  But, thus far, we have not yet observed net 

gain in the form of a power increase over the original level when 

there is no Ba in the reactor. 

To assess to what extent the partial recovery in laser power is 

due to the production of Ba( P) from the Ba + N„0 reaction, a separate 

experiment was performed.  The Ba oven was removed from the cavity, 

and Che 5535 A beam allowed to pump the Ba vapor in the reactor in 

the absence of N^O.  The 1.5 u laser was made in that manner, and 

the pump beam adjusted to give near threshold oscillation.  Then the 

exit mirror was removed, and the 1.5 \i  spontaneous emission from the 

reactor was measured with a detector on the optical axis. This spon- 

taneous emissica signal w?.s compared to that produced by the Ba + N„0 

flame, with the 5535 A beam now blocked.  The two signals were found 

to have almost equal intensity.  This experiment shows that there is 

sufficient density of the Ba( P) level in the Ba + N„0 flame for 

laser action, and the failure to obtain net gain must be due to an 

insufficiency in the quenching of the Ba( D) level, 

We are encouraged by the results of the studies so far and still 

believe the Ba transfer system to be a good candidate for an electronic 
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State chemical laser.  The intracavlty probe experiments will be con- 

tinued, but we think it will be particularly useful to commence a 

program to identify those gases which would selectively and efficiently 

quench the Ba( D) state. 

4.  Collisional Quenching of Electronic States 

The possibility of using collisional quenching of the lower laser 

level in an electronic transition ]aser was just demonstrated at NRL 

in the optically pumped atomic Hg system. Unfortunately, for many 

potential electronic state lasers, there is not sufficient data on 

the quenching of the relevant states to allow an assessment of their 

lasing potential.  The dual goals of the NRL program are to measure 

those quenching cross sections essential for an evaluation of specific 

laser schemes and to advance the overall understanding of electronic 

state quenching. 

Since we are particularly interested in the possibility of three« 

level lasers where the upper laser level is optically connected to both 

the ground state and the lower laser level, we have chosen to prepare 

the lower laser level by dye laser excitation of the upper state 

followed by cascade.  The decay of the lower state density is then 

monitored via the time resolved absorption of another transition which 

terminates it. 

The T1(2S—2P„ ,„) transition at 5350 Ä is a very intense line in 

most discharges and has been made to läse in a pulsed device.  Since 

the laser has been operated in the self'-terminating mode, its effi- 

ciency has been low. A search is therefore being made to uncover 
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2 
compatible elements which would efficiently quench the Tl ( Po/o) state. 

Quartz cells filled with Tl and various quenching elements were heated 

to  600-1000OC.  A dye laser tuned to the Tl ( P , ->■ S) transition at 

3776 A was used to excite the mixtures, and a collimated probe beam 

at 3529 Afrom a low pressure Tl lamp used to monitor the Tl( P.,^) 

population.  Preliminary experiments with Xe, Hg, Cd, and Tl as quen- 

ching gas have yielded rates of 5 x 10  ,10  ,10  , and 10   cm 

sec  respectively. At present, more careful measurements on Tl self- 

quenching are underway. 

b.  Pulsed Metal Vapor Laser 

During this reporting period research has continued using the 

(1 2) 
transverse discharge system, detailed in previous reports  '  and 

in Appendix 5 , operated as a copper laser using Cu Cl as the parent 

molecule.  Previously the inverse pressure dependence of the laser 

power was discussed, and the hypothesis was made that this behavior 

was due to "tracking" of the discharge along the walls of the tube at 

high buffer gas pressure, with subsequent loss of energy deposited in 

the gas,  These results were presented at the 2nd Summer Colloquium 

on Electronic State Lasers in September, 1975, and are summarized in 

Appendix 5. 

To improve operation of the laser at high pressure, the tube 

was modified to reduce the possibility of tracking. The cylindrical 

cathode rod was replaced with a bar of triangular cross-section. The 

apex of the triangle opposite the anode bar was serrated to Insure 

breakdown there rather than at the other edges, and to improve the 
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the linear homogeneity of the discharge.  The cathode-anode spacing 

also was reduced so that the teeth of the cathode were ~ 1.5 cm from 

the anode.  Testing of the discharge at room temperature confirmed that 

the previously observed tracking of the discharge along the walls had 

been eliminated for neon pressures up to 1 atmosphere. 

The modified tube was initially operated with the same circuitry 

as had been used previously. With the delay between dissociating and 

pumping discharges set at 50 ys, lasing was observed to occur in two 

pressure regimes. From 5 to 80 torr the laser power decreased raono- 

tonically as the pressure increased, and no lasing was observed at 

100 torr.  At 200 torr, lasing was again observed and the power in- 

creased as the neon pressure was raised further. The peak power in 

this pressure regime was - 5 kW at A00-600 torr, and decreased slightly 

in the range 600-800 torr.  The data were quite erratic in the high 

pressure regime, which may have been due to certain effects associated 

with the large amount of energy dissipated in the gas by the first dis- 

charge pulse. 

The energy made available for the first pulse was 9 joules, in 

order to insure complete dissociation of the CuCl.  Recent evidence by 

(3) other investigators   indicated that increased first pulse energies 

were necessary for higher optimum buffer gas pressures, and that the 

dissociation energy necessary at near atmospheric pressures would be 

even higher than that used. However, increasing the energy of the 

first pulse by increasing its associated capacitor resulted in a 

decrease in laser performance. 
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The value of Cs., the storage capacitor for the first pulse, 

had been .1 yf, and because of the current limitation of the thyratron 

switch, an inductor had been placed in the circuit to limit the current 

rise. As a result, when the gas breakdown occurred, only the relatively 

small energy stored in the "dumping capacitors" was immediately avail- 

able to the discharge.  This energy ionized the gas, lowering its 

impedance, so that the much larger charge remaining in Cs.. passed 

through the gas in a long pulse at low voltage.  This low voltage dis- 

charge would be Inefficient at dissociating the CuCl, but effective in 

locally heating the gas and hence perturbing it as a result of the 

associated density changes propagating through the medium. Therefore, 

Cs1 was halved and the circuit impedance lowered so that all of the 

stored energy could be discharged in the initial breakdown pulse. At 

high pressures the width of the second current pulse had been observed 

to increase, and hence to better match this pulsewidth to the laser 

pulse the values of the storage capacitor for the second pulse, Cs., 

and the "Jumping" capacitors C , were also reduced. 

These changes had a significant effect on the operation of the 

laser. Output was observed continuously from 8 to 750 torr, with 

above atmospheric pressure operation forbidden only by the vacuum 

seal design. A graph of laser power vs. neon pressure is shown in 

Fig. 36.  These data were taken with an ITT 4018 photodiode and neutral 

density filters. The manufacturer's calibration values were used. The 

conditions under which the data were taken are summarized in Table 1. 
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Table 1 

'2 

Cs 

Cs, 

I 

Output mirror 

Back mirror 

14 kV 

25 kV 

48 nf 

5.7 nf 

5.7 nf 

15 ysec 

390 C 

10 M radius 
of curvature, 
uncoated quartz 

2 M radius of 
curvature, high 
reflectivity 

The laser pulse at 400 torr had a FWHM of ~ 8 nsec, typical of 

the emission under these conditions. The energy of this pulse as 

measured with a Gen-Tec joulemeter was 220 yJ. Observation of the 

discharge area and of the laser emission indicated that the active 

region of the laser was <_ 3 mm wide. Since the discharge region is 

only 20 cm long and 1.5 cm high, the active volume is estimated at 

3 
9 cm . Using this value, the specific energy of the laser is conser- 

3 
vatively estimated at 24 yJ/cm , comparable to the best results of 

3 
other investigators. The specific power of 2.7 kW/cm is higher than 

any known for a copper halide laser. 

The time delay in Table 1 was the optimum delay at 480 torr. 

At lower pressures the optimum delay increased.  At 50 torr, tor 

instance, laser emission was not observed with the 15 ys delay, and 
.; 
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was optimum with a 60 \is  delay.  The variation in optimum delay with 

pressure in the range 400-750 torr seems .^mill, but the tendency is 

for Optimum delay to decrease as the pressure is increased,  It would 

appear that either the fraction of copper metas^ables atoms produced 

by the dissociation pulse decreases as the neon pressure is raised, or 

that some process dependent on the neon density is deactivating the 

metastable atoms.  The 15 ps optimum delay at h4gh pressure is unexpec- 

tedly short for a tube of these dimensions.  These results imply that 

high repetition rates will be possible, for tubes of larger dimensions 

when operated at high pressure. 

The data were taken with the laser run at the optimum temperature 

observed for the earlier, low pressure experiments. The maximum 

14  -3 
available copper acom density at this temperature is1 9 x 10  cm . 

The specific energy of 24 yj/cm" corresponds to an upper state popu- 

lation of 1.2 x 10  cm  , i.e., approximately 13% of the ground state 

populetion.  The numbers assume 100% dissociation of the copper chloride 

trimer, and that all of the observed output is at 510.6 run. While it 

might be possible to increase the fractional excitation, significant 

improvement would not be expected in the specific energy of the laser 

unless the optimum temperature can be increased.  The temperature 

dependence of this .ievlce is yet to be investigated at high pressure, 

but some improvement in laser output can be expected with increased 

temperature.  At 450 C the available Cu atom density Is 7 x 10  cm  . 

The efficiency of the device is low, .012% of the energy in the 

pumping capacitor Cs„.  Because of the breakdown of the gas at 
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relatively low voltage when cne neon pressure Is high, the disc.hargr 

circuitry Is very Inefficient and only a small fraction of the energy 

in the storage capacitor is expended by the end of the lasing pulse. 

Modifications of the double pulse circuitry would be expected to im- 

prove the overall electrical efficiency. 

In summary, recent experiments with the double-pulse transverse 

discharge apparatus have resulted in high specific energy and power 

operation at buffer gas pressures up to 1 atmosphere. This result 

and the very short optimum delay times observed demonstrate the utility 

of the system and the feasibility of larger scale devices. 
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6-  B?ron Atom Reactions 

Boron monoxide (BO) and boron mono^-halides have comparatively 

strong bonds, e.g., AHf  (BO) = -187 kcal.  Therefore, it should be 

relatively easy to produce electronically excited BO radicals via 

chemical reactions. The BO radical has several low-lying electronic 

2 
states as shown in Fig. 37. Since the ATT state is doubly degenerate, 

the B ->■ A transition, which occurs in the range of 455'-590 nm, is 
particularly attractive for possible population inversion. 
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In this work, the possibility of generating an electronic transi- 

tion BO laser based on B + N-0 and/or BBr + 0 reactions was examined 

(see Fig. 37).  BBr- was employed to provide B atoms via successive 

photodissociation reactions in the vacuum uv region, 

3Er3 + hv (A >, 105 tun) — 3Br2 + Br
hv 

hv" 
BBr + 2Br  ►- B + 3Br 

Whor 10-20 torr of l:2:5/BBr :N20:He was flash-photolyzed in a pre- 

viously constructed LiF-window laser system, a weak emission pulse was 

detected at 3 psec after flash initiation as showr, in Fig. 38a.  The 

optical cavity was formed by a pair of dielectric coated high-reflec- 

tivity mirrors (450-530 nm); one of them has 1-2% transmission. A 

similar pulse was also noted in experiments with a l:5:4/BBr„:N20:He 

mixture (Fig. 38b).  In both mixtures, the peak disappeared when the 

laser tube was evacuated (see the bottom traces of both Fig. 38a and 

38b) or when the cavity was detuned (see Fig. 38c). These tests indi- 

cated that the observed pulse could not arise from electrical inter- 

ferences or artifact. Most unfortunately, the emission could not be 

reproduced for careful spectral analysis before LiV  windows and both 

internal mirrors were seriously coated by BBr„ (which is very hygro- 

scropic) and its reaction products. Further experiments with other 

B-atom sources such as BH„C0 are planned. 

The reactions shown in Fig. 37could energetically account for 

3 
emission at 500 nm. The 0( P) + BBr reaction, which is exothermic 

2    2 + 
by about 87 kcal/mole, is sufficient to pump the ATT -> X E transition 
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Upper trace:  20 torr l^tS/BB^r^OtHe flashed at 2.5 KJ. 
Lower trace:  flashed without sample. 
Upper trace:  10 torr l:5:4/BBr3:N20:He flashed at 2.5 KJ. 
Lower trace:  flashed without sample. 
Conditions similar to "a" upper trace, but the laser c ;vity 
was detuned. rr       . y 

Fig. 38 — Emission signals detected by a photodiode 
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(310-850 nm).  In addition, the photodlssoclation of NO in this 

spectral region A £. 105 nm readily generates 0( S) and 0( D) atoms. 

Their participation in reactions with BBr would increase the exother- 

raicity by 100 and 45 kcal/raole, respectively, either being sufficient 

2 + 
to excite BO to the B I    state.  The B + N„0 reaction can release as 

much as 150 kcal/mole of energy, but its rate and photon yield under our 

experimental conditions are still not known. 

7.  E -+V 1*+ CO Energy Transfer Study 

3 
The electronically excited P Hg atom has been shown to transfer 

its 112 kcal/mole electronic energy very effectively to CO giving rise 

to a complete vibrational population inversion 
(2) 

We have examined 

the possibility of a similar effective E ->■ V energy transfer process 

2 
involving the 6s P-wj I atom lying approximately 160 kcal/mole above 

5 2 
the 5p  Po/o ground electronic state.  If the I* + CO quenching reac- 

tion proceeded via a strong chemical interaction similar to the 

1 (3) 
0( U) 4 CO reaction,   one would expect the product CO molecule to 

carry as high as 35 kcal/mole vibrational energy. 

2 
The Iv6s Po/o) atom was produced by optical pumping of the 

5 2 
I(5p  Pi/o^ at0"1 formed in the photodissociation of CF I above 200 nm, 

viz., 

CF I + hv CF3 + I (5P
5 2p1/2) 

I(5p5 2p1/2) + hv (206.3 nm) ■—^1 (6s 2p3/2)- 

The absorption occurring at 206 nm is Known to be very strong and has 

2 
been employed by many to monitor the concentration of the I( P-i/o) 

atom. 
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(Ev-E|)/KCAL MOLE 
-I 

Fig. 39 — The vibrational population of CO formed in the 
I(6S 2P3/2) + CO reaction 
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The extenl of CO vibrational excitation from the l(6s PT/O) + 

CO reaction was determined by a small signal gain (or absorption) 

measurement employing a cw CO laser.  The result obtained from the 

photolysis of 5 torr 1:2:37/CF,l:CO;He mixture is shown in Fig. 39. 

These data indicate that the CO formed in this E -► V transfer reaction, 

(2) (3) 
unlike Hg* + CO and 0* + CO,   has a relatively low partial inver- 

sion, with a vibrational temperature of only 4000 K.  Only a few 

2 
percent of the 160 kcal/mole electronic energy of the I(6s P./p) atom 

was converted into CO vibrational excitation. The detailed dynamics 

of this reaction is being studied to Investigate the principles under- 

lying E -*■ V and V ->■ E energy transfer. 
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8.  Laser Diagnostics via Coherent Anti^-Stokes Raman Spectrosropy 

Coherent Anti-Stokes Raman Spectroscopy (CARS) is a new and 

potentially powerful method of probing gas lasers and other similar 

(1-4) systems.     The technique utilizes two high power lasers, one fixed 

in frequency at üJ„, the other tunable which we call the Stokes beam, 

ü) . When w is adjusted such that Mn-M   matches a vibrational (Raman) 
s       s x, s 
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resonaacf, w , in the medium, a coherent beam of light at the anti- 

Stokes frequency, 2iti0~Ui m'j}    ,   is  generated at high conversion effi- 

ciency.  The high conversion efficiency (as much as 1% in favorable 

cases), the coherency and anti-Stokes character of the emission make 

CARS a sensitive analytical tool for gas laser diagnostics, free from 

laser induced fluorescence interference or luminescent background. 

CARS is basically a Raman process and hence, all molecules can be 

detected by the technique.  For example, D„, H? or other homonuclear 

diatomic molecules which cannot be observed in the infrared, are 

readily detected by Raman techniques.  However, CARS is many orders of 

magnitude more efficient than normal Raman spectroscopy, which Is not 

sufficiently sensitive for low pressure gas-phase applications such as 

detecting vibrationally excited states in gas laser systems.  Hence, 

the method is currently under development to monitor the temperature 

and the number density of D? (v = n) (and HC1 (v = n)) in the D„-HC1 

transfer laser. 

Vibrational temperatures can be determined from CARS spectra by 

analyzing the data in terms of the following equation (see reference (5)): 

f =7^ H^f [v2Ve-v(J+1>]}       (1) 

where P and P' are the anti-Stokes power for a particular Q-branch of 

ground state and vibrationally excited state D?, T   and F' are the 

corresponding line widths; h,c,k are the usual physical constants, 0) 

is the vibrational frequency, x is the anharmonicity, a is the vibra- 

tion-rotation interaction constant, v and J are the vibrational and 

rotational quantum numbers, respectively. 
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The rotaLional/tranlational temperature is calculated by measuring 

relative intensities of the Q-branches within a particular vibrational 

manifold, i.e.: 

'4')'(i£M-sf [J(J+I,-J'(J+I,]( (2) 

where all constants and parameters are identical to those in equation 

(1). T is the rotational temperature and B is the rotational constant. 

Apparatus 

The apparatus developed for carrying out CARS diagnostics is 

illustrated in Fig. 40 and consists of a high power (" 5 MW at 532 nm) 

Q-switched Nd:YAG laser operating single mode on its second harmonic. 

The laser has a line width of ~ 0.03 cm , a pulse width of ~ 20 ns, 

and a maximum repetition rate of 10 pps, A portion of the YAG laser 

(~ 0.8 MW) is used to pump a dye laser which is angle tuned with a 

grating and an "inch worm" driver. Another portion of the YAG laser 

('" 1.5 MW) pumps a dye laser amplifier (not shown in the figure).  The 

resulting dye laser beam (0.4 MW) and remainder of the YAG (~ 2.0 MW) 

are combined and focused (f = 10 cm) In a sample gas cell.  CARS sig- 

nals generated in the sample cell are separated by a beam splitter 

which reflects the CARS beam but transmits the two exciting laser beams, 

which may then be used to create anti-Stokes signals in a reference 

gas.  The reference signal may be ratioed against the sample signal to 

minimize the jitter in the CARS signal. Additional filters are used to 

further reduce stray light. With regard to low level detection, in some 

early experiments signals from D? below 100 mtorr total pressure were 
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detected (without reference cell and with rather broad laser line 

widths - 0,3 cm ).  With refinements, the lower limit of detection 

for species like D„ should be on the order of 1 ratorr. 

Results 

As preliminary laboratory experiments, the apparatus described 

in Fig. A0 has been used to probe a volume element of D„ at the center 

of an electrical discharge.  Figure 41 illustrates the resulting spectra 

taken without dividing out the reference signal.  Although the initial 

pressure of the D„ was 48 torr, the actual D„ pressure was " 10-20 

torr because the gas absorbs readily on the electrodes during the dis- 

charge.  The ground state (v = 1) are clear]y visible in Fig. 41.  The 

partial pressure of vibrationally excited D„ is well below 1 torr and 

the signals are quite strong even without extensive signal averaging 

and use of the reference cell to reduce the jitter in the CARS signal. 

From these preliminary scans, the vibrational temperature 1; estimated 

to be approximately 1050 K with a rotational temperature near ambient 

(~ 400 K).  In other words, within the plasma region the gas Is vibra- 

tionally hot but rotationally cool.  The accuracy of this technique 

now reeds to be explored, since the results obtained are strongly depen- 

dent on molecular line widths and calibration. After these experiments 

have been completed and the system is proven to provide consistent, 

accurate and reliable data, the apparatus will be moved to the EDGDL 

facility for temperature and species profile measurements. 
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APPENDIX 1 

D2-C02 AND D2-N 0 ELECTRIC DISCHARGE GASDYNAMIC LASERS* 

J. A. Stregack, B. L. Wexler, and G. A. Hart 

Abstract 

CW C0„ and N^O laslng has been obtained in a new electric dis- 

charge gasdynamlc laser device.  The device consists of a subsonic 

plenum discharge region where vibrational excitation occurs, a super- 

sonic nozzle array where the laser species is injected, and a super- 

sonic cavity where mixing, energv transfer, and lasing occur.  In the 

present experiments both C0? and N?0 are pumped by energy transfer 

from D« excited in the discharge. Comparisons are made for C00 pumped 

by both N- and D«, and N20 and CO- pumped by D«. 

*Work partially supported under DARPA Order No. 2062, 

tNRC-NRL Postdoctoral Research Associate (1973-197 5), 
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Previous electrically excited cw molecular lasers have been limited 

to molecules that could have their vibrational degrees of freedom excited 

either directly by electron impact or could be pumped by energy transfer 

(1 2) 
from electrically excited N2.  On tbc basis of measured rates  '  it 

appeared probable that a C0„ laser could be produced by energy transfer 

from D- which is vibrationally excited in a glow discharge. A cw D^-CO« 

energy transfer laser was produced in the NRL electric discharge gasdy- 

namic laser (EDGDL) facility which under the conditions of these experi- 

(3) meats is comparable in performance to a N„-C09 energy transfer laser. 

The EDODL is shown schematically in Fig. 1.  Subsonic plenum exci- 

tation of a D -diluent (Ar or He) mixture by a dc, or if-augmented dc, 

discharge significantly populates the lower vibrational levels of D„. 

The dc discharge occurs between a series of individually ballasted 

(100 kil) pins and the rear of each nozzle blade.  The rf augmentation 

w>  -.apacitively coupled into the plenum through the top and bottom 

walx .  From an energy balance calculation it is estimated that with 

dc excitation, approximately 65% of the electrical energy deposited 

in the gas goes into vibrational energy. The excited plenum gas is 

then acceleiated through an array of supersonic nozzles where the C0„ 

is injected approxlmatel; A mm downstream of the throat. Mixing, 

energy transfer, and lasinp, occur in the supersonic cavity region 

which extends 30.5 cm downstream from the nozzle exit plane. The 

supersonic cavity region terminated in a diffuser and the entire system 

was pumped by a steam ejector. Two different chambers were used. The 

first was constructed entirely of G-10 Fiberglas while the second 
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consisted of P_,rex plates bonded together to form the plenum to which 

separate nozzle and cavity regions formed from anodized aluminum were 

attached.  The nozzle array consisted oi 3A uncontoured wedge-shaped 

nozzle elements with the end ones having no secondary injection of 

the laser species.  Instead argon is injected chrough these end ele- 

ments to provide a window curtain.  The nozzle throats were 1.2 mm and 

the geometric area ratio of the expansion was 6.  Two sets of rectangu- 

lar Brewster windows enable the laser cavity and diagnostic apparatus 

to be positioned up to 27 cm downstream from the nozzle exit plane. 

The optics are mounted on a motor-driven translation table which en- 

ables continuous sc^ns of the region downstream of the nozzle exit 

plane to be easily made. 

By removing the laser species from the discharge region, it is 

possible to maximize the channeling of electrical energy into vibra- 

tional excitation without encountering possible limitations imposed by 

the laser species. While other workers have injected the laser species 

under subsonic or sonic flow conditions,     in the above device the 

laser species is injected into the cold supersonic flow region. This 

can have several advantages for different potential laser systems- 

promote anharmonic pumping of diatomic molecules, depopulate lower 

laser levels near the ground state in polyatomic molecules, improve 

mixing at lower pressures, decrease vibrational deactivation in the 

low-pressure supersonic flow, increase the gain by decreasing tempera- 

ture, etc. The net effect is to produce an electrical analog to the 

(9) 
GDL mixing lasers originally proposed by Bronfin   and refined by 

Taran et al. 
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The best results have been obtained with D„-He plenum mixtures 

(stable flow discharges in the D„-Ar tnixtures have been hard to main- 

tain) which nec2ssitated a forced mixing configuration for the heavier 

se>.indary Cü„.  This configuration has two distinct sets of operating 

condit.i   • one where the laser cavity remains supersonic and there- 

fore raaint-^'ns a low translational temperature, and the second where 

too much secondary flow causes a sharp increase in cavity pressure and 

increased translatior 1 temperature.  This effect is caused by some 

shock phenomeno-x "choking" the flow due to too much secondary mass 

addition. 

In o.rter to confirm this description of the two operating regimes 

produced by varying the secondary flow, gain measurements were per- 

formed as a function of J at several cavity locations.  From these 

gain measurements, vibrational and rotational temperatures were ex- 

tracted.  Figure 2 shows the vibrational temperature of the D„-CO„ sys- 

tem for the two cases at the four positions for which data were taken. 

The temperatures measured at the position 12.1 cm downstream from the 

nozzle exit plane appear to be high.  If these points are lowered, the 

general shape of the variation of T is similar to scans of fluores- 

cence vs. distance downstream.  In the first case, the vibrational 

temperature increases through the cavity region ana maximizes near 

the end of the cavity while in the "choked" case it peaks halfway 

through the cavity and then decreases.  The latter effect is probably 

due to a longer flow time through the cavity caused by the decelerated 

flow after the shock wave. 
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Table I summarizes the conditions in the experiment which produce 

maximum power in the D„-CO„ laser to date and Table II compares D„-CO„ 

and N„-CO„ laser performance under similar conditions in the EDGDL. 

Maximum output has been achieved to date under "choked" conditions, 

since for the C0„ laser the temperature effect is not critical and 

"choking" the flow maximizes the energy transfer and mixing processes 

for the cavity lengths of this experiment. 

The EDGDL facility was also used to produce a D.-N-O energy trans- 

fer laser operating on the N20 10.7-Mm transition. A comparison of 

the performance of the D„-CO? and D„-N20 lasers reflects the impor- 

tance of available near-resonant vibratlonal levels for such energy 

transfer lasers.  It was found that for identical He and D^ flow rates 

and discharge conditions, roughly 3-5 times as much power could be ex- 

tracted for a given injection rate of C0„ than could be achieved from 

N„0.  This correlated well with a plausible description of the major 

energy transfer pathways in these two systems.  D„ with a v = 1 to 

v = 0 vibratlonal spacing of 2994 cm  is in very close resonance with 

the CO {01  1) level at approximately 3000 cm  .  Rapid quenching of 

the C09 bending mode yields C0„ in its 00 1 state which subsequently 

undergoes stimulated emission to the 10 0 level.  This proposed mecha^- 

nism also applies to N-0 which has a manifold of vibratlonal states 

similar to those of C0„.  However, there is one significant difference. 

The N„0 (Ol1!) state at 2798 cm" lies 200 cm" below T>2   (v = 1).  Con- 

sequently, the favorable resonance between D« and CO2 is not found in 

the case of D« and N20. 
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The successful use o£ electrically excited D„ to pump a C07 laser 

through vibrational energy transfer, and the subsequent application of 

this technique to N„0, indicated that this procedure can be used with 

many diatomic and polyatomic molecules whose vibrational spacing pre- 

cludes efficient energy transfer from N„.  Among the many candidates 

of interest with vibrational levels which satisfy the criteria of near 

resonance with those of D are HC1 and HBr.  In addition, the cooling 

effect may make possible improved cw lasing from CS? as well as pro- 

ducing a cw C0h9 laser, both of which have lower laser levels nearer 

the ground state than C0„. 

The authors wish to thank T. McClelland and C. Kyle for their 

technical assistance. 
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TABLE I 

FLOW CHARACTERISTICS OF D2-CO LASER 

Mach number 2 

Plenum pressure 53 Torr 

Cavity pressure 11 Torr 

de Discharge: 

Voltage 3 kV 

Current 0.8 A 

Power output 60 W 

Peak small-signal gain 0.016/cra 
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TABLE II 

COMPARISON OF D2"C02 AND N -CO LASER 

PERFORMAf.^E IN EDGDL 

N2-C02       D2-C02 

Total flow rate (moles/sec) 1.11 1.29 

Fractional molar composition; 

^e 

xco 

0.74 0.64 

0.05 0.06 

0.32 

V 0.21 

Electrical efficiency 3% 2.5% 

E/N (V-c 1.7 x 10 
-16 

1.0 x 10 ,-16 
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Fig. Al-2 — CO2 (00ol) vibrational temperature vs. distance from the nozzle 
exit plane for both choked (A) and unchoked (0) cases 
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APPENDIX 2 

CW CO-CS2, CO-C2H2, AND CO-N 0 ENERGY-TRANSFER LASERS* 

t 
J. A. Stregack, B. L. Wexler, and G. A. Hart 

Abstract 

CW laser emission has been observed from CS„ (11.5 y), C„H 

(8 y), and N?0 (10.6 y) transitions pumped by energy transfer from 

vibrationally excited CO in an e_ectric discharge gasdynamic laser 

device. Proposed energy-transfer pathways for these three lasers 

are described.  Supersonic expansion cooling plays a critical role in 

depopulating the lower laser levels in the C0-CS„ and C0-C„H„ systems. 

Maximum output powers measured for each of these systems are presented. 

The dependence of output power on the flow rate of the injected laser 

species is discussed. 

*Work partially supported underDARPA Order No. 2062. 

NRC-NRL Postdoctoral Research Associate (1973-1975) 
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Several new electrically excited cw molecular lasers have been 

demonstrated in the NRL electric discharge gasdynamic laser (EDGDL) 

facility. The laser species are CS„, C-H«, and N20 which are excited 

via energy transfer from vibrationally excited CO produced by a glow 

discharge.  All have been demonstrated previously as pulsed lasers 

using energy transfer from vibrationally excited CO which has been 

optically pumped by a frequency-doubled C0„ laser.    N„0 has also 

been pumped by vibrationally excited CO produced by the reaction: 

0 + OS + CO + s/2^ while CS^3'4' and C-H,/5^ have been pumped by 

CO excited in an e-beara--sustained discharge.  Based on the measured 

fast transfer rates from CO to CS?, C„H„, and N„0,   it appeared 

feasible to make cw lasers from these energy-transfer schemes as long 

as the populations of the lower laser levels could be reduced by fast 

vibration-transition (v-t) relaxation in a cold supersonic flow. 

The operation of the EDGDL has been described in detail previ- 

ously.    In the present experiments CO is preuixcf1 with He and is 

excited by a glow discharge in a subsonic plenum. This mixture is 

accelerated through an array of supersonic nozzles where the laser 

species is injected. Mixing, energy transfer, and laslng occur in the 

supersonic cavity region. Removing the laser species from the dis- 

charge region makes it possible to maximize the channeling of elec- 

trical energy into the long-lived vibrational mode of CO without en- 

countering possible limitations imposed by the laser species (i.e., 

electron attachment, dissociation, etc.). 
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Figure 1 is a diagram of the relevant energy levels for the laser 

transitions as well as the energy for the first eight vibrational 

transitions in CO.  Both CS„ and CLH„ have a lower laser level energy 

of approximately 700 cm  and therefore have a thermal population which 

is 3.5% of the ground state at 300 K.  The cooling effect of the super- 

sonic expansion reduces this ratio to 0.6% at 200 K (the approximate 

translational temperature measured in the EDGDL when it has operated 

on C0„)  which aids in creating or enhancing any population inversion. 

The results reported are for laser operation at a fixed location 

14 cm downstream of the nozzle exit plane.  Flow conditions for the 

highest-power output for each of the laser systems are summarized in 

Table I.  A detailed parametric study of these energy-transfer laser 

systems (plenum pressure, ener',y deposition, output coupling, cavity 

location, etc.) will be reported elsewhere. 

The C0-N„0 system was studied using a cavity consisting of a 

maximum-reflectivity dielectric mirror and a nominally 4% partially 

transmitting output mirror.  Laser output was approximately three- 

quarters of the power obtained on either a N^-N-O or a fcL-CO,, transfer 

laser run under similar flow rates and with simr.lar energy deposition. 

The difference in N„0 laser performance is probably due to the fact 

that more N„ (v -*■ v-1) transitions have energies within kT of N-O 

(00 1) than do CO transitions. 

These preliminary experiments on N20 transfer lasers were per- 

formed at less than optimum output coupling.  The laser therefore 

operated at conditions far from laser threshold.  This enables some 
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coraparisona to be made of the potential of N-O lasers pumped by N-O, 

CO, and D?.  The experiments on D„-N20 were  reported previously 

and compare unfavorably to either the N2-N20 or CO-N^O lasers. 

For the CO-CS- laser experiments both a 2% partially transmitting 

mirror and a maximum-reflectivity mirror with a 0.5-mra hole were used 

as output couplers.  The 0.5-mra hole gave a geometric output coupling 

of approximately 0.1%.  The variation of laser power with CS., flow 

rate is shown in Fig. 2.  For the present flow conditions the 2% 

transmitting mirror gave the best performance.  The laser would not 

operate with a 4% output coupler.  From Fig. 2 it can be seen that for 

the present operating conditions the laser power drops to zero at a 

CS, flow rate of 47 ramoles/sec.  This is the result of a "choking" 

(7) 
effect caused by excess secondary flow injection.    This is not a 

fundamental limitation and can be overcome by redesigning the secon- 

dary injection scheme and/or by increasing the mass flow in the primary 

gas stream.  The CS_ laser operates near 11.5 ym and most probably 

occurs between the (00°!) and (10 0) levels in CS„ but could also 

occur between the (01 1) and (11 0) levels/ 

The C0-C9H„ experiments were performed using the maximum-reflec- 

tivity mirror with the 0.5-ram hole as the laser output coupler.  The 

laser operates on the (0100 0 )-(0000 1 ) band at wavelengths slightly 

above 8 ym.  Figure 3 gives laser power versus C2H2 flow rate.  Note 

that because of the reflectivity and nonselectivity of the output 

mirror, the laser operates as a CO laser (for low C^IU flow rates). 

CO laser power decreases and eventually ceases as vibrational energy 
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is transferred from CO to C^H«. Because the lower laser level In C H„ 

is alsj near the ground state, lasing cerrainates when excessive secon- 

dary flow "chokes" the flow and raises the temperature. 

Spectral regions of laser action were determined by bandpass 

filters and confirmed by a monochromator with low resolution.  The 

gases used were all commercial-grade (98% purity), while the CS« was 

vaporized from analytical reagent-grade liquid.  Because of the purity 

of the gases, laser performance could possibly be affected by impurities. 

In fact, it was observed in the CO-C?H„ tests that both CO and CJ1 

lasing power decreased as the pressure in the gas cylinders dropped. 

(8) 
This is possibly due to the deleterious effect of FeCCO),.   which is 

present in the bottles and which will increase in molar concentration 

as the bottle pressure decreases.  In addition, C7H„ is bottled with 

acetone as a stabilizer.  Acetone has a strong absorption band cen- 

tered at 8.2 pm which could also affect the observed C„H„ laser per- 

formance. 

Operation of the lasers reported here, in addition to the D„-CO„ 

and Dp-N„0 lasers previously reported, demonstrates the potential and 

versatility of the EDGDL technique. 

The authors wish to thank T. McClelland and C. Kyle for their 

technical assistance, J. Kent Hancock for discussions of vlbrational 

transfer rates and suggestions of potential transfer lasers, and 

H. Kildal, T. F. Deutsch, F. O'Neill, W. Whitney, and L. Nelson for 

discussions of their results prior to publication. 
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FLOW CONDITIONS FOR HIGHEST POWER OUlrvT FOR EACH SYSTEM 

                          ■                                    -,.,,, 

'.aser species N20 cs2 cs2 C2H2 

Fractional molar 
composition 

^e 
0.86 0.85 0.83 0.85 

xco 0.11 0.13 0.15 0.13 

Y 
lasant 

0.03 0.02 0.02 0.02 

Plenum pressure (Torr) 88 129 116 127 

Cavity pressure (Torr) 6.2 8 7.8 7 

Output coupling 4% hole (~0 1%) ?% hole(~0.1%) 

Power ouput 3.8 W 130 mW 460 mW 100 mW 
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Fig. A2-2 — Laser power vs. CS2 flow rate for 2% output coupling, 290 
mmole/sec CO flow and 1600 mmole/sec He flow.  The "choked" condition 
results from excess CS2 secondary flow injection causing a loss of supersonic 
cooling. 
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Fig. A2-3 — Laser power vs. Qx^i flow rate for 0.1% output coupling, 340 
mmole/sec CO flow and 2180 mmole/sec He flow.   At C2H2 flow rates below 
12 mmole/sec the device functions as a CO laser.  The "choked" condition 
results from excess C2H2 secondary flow injection causing a loss of supersonic 
cooling. 
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APPENDIX 3 

XeBr EXCIPLEX LASER* 

S. K. Searles 

Abstract 

Laser emission from the recently discovered XeBr exciplex laser 

was investigated as a function of the partial pressures of Xe and 

Br . An optical loss process appears to limit hifth-pressure operation. 

*Work was supported in par^ by DARPA. 

A3.1 

mmmgfmm^J, 



In a previous publication Searles and Hart reported the first ob- 

servation of laser emission from a rare-gas monohalide species. 

The evidence for the XeBr laser action was restricted to a specific 

Xe-Br„ mixture at 1 atm total pressure.  Our study of the XeBr laser 

has been continued in an attempt to achieve higher power and efficiency 

by varying the reagent concentrations.  The following advantages of the 

XeBr laser made it worthy of the further investigation reported here. 

(2) 
The XeBr exciplex   has an unbound lower laser level and emits at 

short wavelengths (high quantum efficiency) in contrast to XeF and 

(3-5) 
Moreover, absorption of .1aser radiation at 282 nm 

(6) 

XeCl lasers 

by Br« is negligible 

The experimental apparatus was similar to the one described in 

references 1 and 7.  A 433 kV electron beam was used to deliver a 

50-ns-long pulse containing ^ 55 J of energy to the target gas.  2.8 J 

ot energy was deposited in the gas per cm atm   over a volume element 

3 
of 10 cm .  Two normal-incidence fused silica windows were used on the 

laser cell along the optical axis.  A low-loss optical cavity was 

formed by two external > 99.8% K dielectric mirrors.  The mirror 

spacing was 30.5 cm.  Thus the maximum number of amplifying passes 

during the electron beam pulse time was 50. 

The relationship between laser emission, fluorescence intensity, 

and pressure is shown in Fig. 1.  The laser operated over a limited 

pressure range 380-760 Torr.  The most interesting feature of the 

pressure dependence is the high-pressure cutoff. There should be a 

sufficient population of XeBr* to achieve laser emission at 1280 Torr 
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in mo>-:t of the mixtures according to the intense fluorescence signals. 

Normally the fluorescence of a bound-free transition is a direct mea- 

sure of the optical gain because the lower laser level population is 

negligible.  For the present case any mixture displaying an emission 

level greater than a photodiode signal of 26 V, the minimum level for 

which laser action was recorded, should läse.  The absence of stimu- 

lated emission at higher pressures where spontaneous emission is strong 

can be explained if a pressure-dependent loss process becomes important 

at pressures greater than 1 atm.  An optical loss in the gaseous medium 

would not be apparent in side emission but would profoundly affect the 

near-threshold laser operation. 

Xe* is a plausible candidate for the optical absorber because the 

nonobservation of laser emission at high pressure is independent of the 

bromine concentration.  Also the Xei  concentration rises dramatically 

between 760 and 1280 Torr.  The fraction of Xe* which undergoes the 

termolecular dimerization process to Xet  relative to the desired reac- 

tion with bromine increases linearly with pressure.  Consequently, the 

generation of Xe* increases with the square of the pressure.  Such a 

nonlinear increase could explain the absence of laser action at 1280 

Torr although the apparent gain is 20% greater than at 760 Torr in one 

case. 

The near-threshold nature of the laser referred to earlier is 

evidenced in Figs. 2 and 3.  In Fig. 2 the laser power is seen to be 

a sensitive function of the electron-beam pump power.  The exponential 

increase of laser power with pumping intensity indicates that 
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substantially higher laser power and efficiency would be obtained with 

4 
more powerful electron-boam devices.  However, an approximately 10 

improvement is needed for the laser to be competitive with the XeF 

laser.(4'5) 

A typical laser pulse shown in Fig, 3 also demonstrates the 

near-threshold characteristics.  First, the emission is not apparent 

until 20 ns after the fluorescence has begun.  This delay is the time 

required for the growth from spontaneous emission to observable laser 

emission on the oscillogram.  The growth time was calculated from the 

gain of 22%/pass determined from a log plot of normalized laser ampli- 

tude versus time.  The fluorescence source term was taken to be 

3 
35 kW/cm .  The source term was derived from the calibrated detection 

system.    Second, the laser emission rose until pumping terminated. 

Clearly, a longer puiiping pulse would have generated a more intense 

laser pulse. 

In conclusion, we believe that the XeBr laser can be made to läse 

much more efficiently by a modest increase in pumping power.  However, 

(4 5) it is doubtful that this laser will ever compete with the XeF laser.  ' 
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Fig. A3-1 — Relationship between the fluorescence, total pressure, and laser 
emission as a function of the indicated bromine percentage.  Open circles 
show laser emission while solid circles show absence of laser emission.  The 
laser intensity was quite variable owing to the near-threshold nature of the 
emission.  Peak power ~ 200 W. 
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Fig. A3-2 — Dependence of laser emission on variation of the side fluores- 
cence caused by adjustment of the electron-beam intensity. Total pressure 
760 torr, 1.23% Br2. 
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Fig. A3-3 — Typical laser pulse shown with fluorescence background 

from a previous shot.  Time scale:   10 ns/div. 
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APPENDIX 4 

XENON FLUORIDE LASER EXCITATION BY TRANSVERSE ELECTRIC DISCHARGE 

R. Burnham* 

Science Applications Incorporated, Alexandria, VA 22202 

N. W. Harris and N. Djeu 

Abstract 

Stimulated emission has been produced in mixtures of He, NF-, 

and Xe at total pressures between 300 and 1000 Torr.  Laser emission 

was on lines at 3511 and 3531X  which have been associated with the 

excited XeF molecule,  Excitation of the gas mixture was by a trans- 

verse electric discharge which produced pulses with peak currents of 

approximately 10 A and rise times of 20 ns. A maximum laser energy 

of 7 mJ was obtained from a gas mixture with a ratio of He:Xe:NF_ of 

98.0:1.5:0.5 at a total pressure of 300 Torr. 

*Work performed in the Laser Physics Branch, Naval Research 

Laboratory, Washington, D. C.  20375 
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(1 2) 
Recent studies  '  of the new class of excimers, the rare-gas 

monohaiides, have led to the very rapid development of high-power 

lasers operating in the near ultraviolet in at least four of the 

(3.4) ■pecies. To date, lasers in KrF and XeF have produced the 

highest powers and efficiencies.  '   Heretofore, however, these, 

lasers have been obtained only under excitation by electron beams or 

in electron-beam-sustaired discharges.    We report here the demon- 

stration of laser action at 3511 and 3531 A in XeF excited in a trans- 

verse electric discharge. 

Stimulated emission was obtained in mixtures of He or Ne, Xe, 

and NF_ at total pressures between 300 and 1000 Torr excited in a 

pulsed transverse discharge device similar in design to those commonly 

used for excitation of lasers on the second positive transitions of 

N«.    The discharge cell had an active length of 1 m with electrodes 

made of two band saw blades separated by approximately h  in.  The de- 

vice was powered by a fast capacitor-dumping circuit which had a sto- 

rage capacity of up to 10 J.  The maximum electric current through 

the discharge was of the order of 10 kA and the rise time of the dis- 

charge pulse was 20 ns.  Spectra of the läse  pulses showed two compo- 

• i 

nents, a stronger line at 3511 A and a weaker line at 3531
A . Laser 

emission was not observed when either NF or Xe was omitted from the 

gas mixture in the discharge. 

Figure 1 shows the performance of the laser for a variety of gas 

mixtures. The data shown were all taken with He as the major consti- 

Luent of the mixtures.  Comparable performance was obtained when Ne was 
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substituted for He.  The use of argon in the discharge led to severe 

arcing and laser emission was never observed.  Figure 1(a) shows the 

]aser output energy as a function of the mole fraction of Xe in the 

gas mixture for several concentrations of NF„.  These data show that 

the maximum laser energy was generally ob' ined with gas mixtures 

containing two to three parts Xe to one part NF .  The decrease in 

laser energy at higher concentrations of Xe may have been due either 

to the increase in importance of reaction channels which compete with 

the formation of the excited molecular state, XeF* (e.g., production 

p Xe*) or to the effect of higher rjncentraLiuus of Xe on the condi- 

tions of the discharge.  It is felt that the latter effect was more 

important since arcing in the discharge was observed visually for 

concentrations of Xe above 10%. 

Figure 1(b) shows the pulse energy of the laser as a function of 

the mole fraction of NF_.  These data were taken with a constant ratio 

of the concentrationr of Xe to NF_ of 2.5 to 1.  The decrease in the 

laser energy for concentrations of NF. beyond 0.5% may be attributable 

to either of the processes mentioned above or to collisional deactiva- - 

tion of XeF* by NF„.  Further studies of the kinetics of formation of 

the excited molecular state in the discharge as well as studies of 

the performance of the transverse discharge in the gas mixtures used 

here are planned. 

The total pressure in the discharge at which maximum energy wa? 

obtained from the laser varied between 300 and 600 Torr, and depended 

on the mole fraction of NF 4.n the mixture.  Howevc. f it was found that 
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the partial pressure of NF„ in the discbarge cell at which the maxi- 

mum laser en'avgy was obtained remained constant ac  about 1 Torr.  The 

most stable operation of the laser was obtained with a pulse repetition 

rate of about 1 Hz with the gas mixture flowing slowly through the dis- 

charge cell.  The average pulse energy from the laser was found, how- 

ever, to decrease rapidly if the pulse repetition rate was increased 

while the gas flow rate was held constant.  Increasing the gas flow 

rate allowed the pulse repetition rate to be raised from 1 to 10 Hz 

with no decrease in the average pulse energy. With the discharge cell 

sealed, the laser energy was found to diminish after about ten shots. 

We have, however, under conditions of low flow rates produced double 

and triple laser pulses of equal energy separated by time intervals 

of 1 ms.  It is felt that the decrease in the output of the laser 

with high repetition rates resulted from depletion of the NF in the 

gas mixture due to reaction of free fluorine produced in the discharge 

with materials in the cell. 

The time development of a typical xaser pulse is shown in Fig. 2. 

Plotted is the sum of the laser signal from a vacuum photodiode and 

a voltage proportional to the time derivative of the current in the 

discharge.  The time interval between the maximum and minimum of the 

current derivative gives the pulse width of the discharge current. 

The laser pulse may be seen to have a half-width of about 20 ns and 

to arise >nly near the end of the current pulse.  The delay in the 

onset of the laser emission indicates that the laser was near threshold 

for superradiant emission.  The limiting process which delays the onset 
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of laser oscillation has not been identified, but may be either the 

rate of production of Xe metastables in the discharge, or the rate 

of reaction of the Xe metastables with NF., to form XeF*.  The maximum 

energy was obtained from the laser with an optical cavity composed of 

a total reflector and an output mirror having a reflectivity of approxi- 

mately 35% at 3530 K     Although superradiance was occasionally observed 

with only the total reflector in place, use of the output coupler in- 

creased the laser power by an order of magnitude and decreased the 

divergence of the beam.  The maximum pulse energy obtained from the 

laser was 7 mJ which corresponded to a peak pulse power of 700 kW. 

The overall efficiency of the laser based on the energy stored in the 

charging capacitors was about 0.1%. 

An estimate of the ultimate performance which should be obtainable 

from the XeF laser using excitation by transverse electric discharge 

may be made from a comparison of the energy emitted by the XeF laser 

to the energy emitted by an N« laser at 3371 A produced in the same 

apparatus.  Using the discharge device described above we have obtained 

laser pulses of 2.0 mJ at 3371 A in N« and energies up to 3.5 mJ from 

N9 with approximately 1% additive of SF,.  It appears, therefore, that 

the efficiency obtainable from the XeF laser should be significantly 

higher than that of the N- laser,  The results of the present study 

indicate the feasibility of developing in XeF, and other rare-gas 

monchalides, lasers of higher efficiency and average power than are 

presently available in the visible or ultraviolet regions of the spec- 

trum. 
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Fig. A4.1 — (a) Pulse energy from the XeF laser at 3511 and 3531 Ä vs. 
concentration of Xe in the gas mixtures for several concentrations of NF3. 
The major constituent of the gas mixtures was He.  (b) Laser energy vs. 
concentration of NF3 for a constant ratio of the concentrations of He to 
NF3 of 2.5:1. 
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APPENDIX 5 

TRANSVERSE DISCHARGE METAL VAPOR LASER* 

B. L. Wexler 

Metal vapor lasers employing transitions from resonance to meta- 

stable levels offer high theoretical efficiency.  In spite of exten- 

sive work however, particularly on the copper vapor laser, reported 

efficiencies have fallen well short of a target of 5-10%. There also 

exists a number of atoms with suitable level structure In which lasing 

has not been reported. 

In an effort to explore more efficient devices and to discover 

new metal vapor lasers, a beatable transverse discharge system with 

short, fast-rising pulses and high discharge current has been con- 

structed.  The transverse discharge geometry should offer significant 

advantages in scalability and high pressure operation as well. The 

present device, a schematic of which is shown in Fig. 1, is a flanged, 

stainless steel enclosure. A row of pins passes through concentric 

tubing in the top flange to a continuous cathode rod, 3 mm diameter 

by 20 cm long.  Quartz tubes, insulating the pins from the concentric 

stainless tubes, are joined to a quartz shroud inside the enclosure. 

In this way the cathode is electrically shielded from the stainless 

steel enclosure, except for the floor of the box, a raised ridge of 

which serves as the anode. The discharge volume is 20 cm long, 2.0 cm 
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high (cathode-anode separation) and 1.25 cm wide.  The discharge cell 

may be heated to 500 C, with the windows and low inductance coaxial 

lines extending outside of the oven.  Depending on the associated cir- 

cuitry, current rise times as short at 10 ns have been measured, with 

pulse widths ot 20 ns FWHM.  Peak current of 10 kiloamps into the 

2 25 cm area parallel to the laser axis have been measured.  Since the 

working temperature of the device is not sufficient for the required 

metal vapor densities, two thyratron-switched discharges are employed 

with the tube containing an appropriate metal halide.    The discharge 

circuitry is based on that for a nitrogen laser published by Schenck 

and Metcalf.(2) 

The fast rise time of the discharge is most suitable for inves- 

tigations of thallium, lead, and a number of other metals with very 

fast resonance to raetastable lifetimes.  However, because of the high 

interest and practical importance of the copper vapor laser, experi- 

ments to date have involved only CuCl in the discharge. Previous work 

in CuCl has involved current rise times extending well beyond the laser 

pulse, while the highest efficiency will require short discharge pulses, 

Experiments to date have used helium, neon, or argon as the buffer 

gas, with neon giving the best results. 

With non-optimized cavity configurations, laser output peak 

powers of 11 kW and total pulse energy of 100 \iJ  have been measured 

using an ITT F4018 photodiode and neutral density filters. Laser 

pulse widths have been observed to vary from 8 to 50 ns depending on 

operating conditions, and laser output has been observed with neon 
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pressurps of 6 to 100 torr.  The laser power is observed to drop as 

the buffer gas pressure increases from 10 to iOU torr, in conflict 

(3) 
with results reported recently by Piper   for a larger transverse 

discharge device.  This effect may be due to flashover of the dis- 

charge along the quartz liner, in which case enlarging the width of 

the discharge region should result in a significant improveraent in 

(4) 
laser output and efficiency.  Recent evidence   also indicates that 

in spite of the use of a very large dissociation pulse energy, in- 

creasing the energy of the first pulse may be necessary for optimum 

higher pressure operation using CuCl. 
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