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SEMTANNUAL REPORT

This Semiannual Report contains descriptions of work carried out
under ONR Contract No. N00014-76-0123 and ARPA Order No. 2683-Amd. 4.
It covers the period from 1 February 1977 to 31 July 1977. Section I is
the Semiannual Report Summary while Sections 11~V are more detailed descrip-

tions of work carried out under the four projects supported by this contract.
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SEMTANNUAL REPORT SUMMARY

The four projects being carried out in the area of Laser Processes
under this contract are summarized below. More detailed discussions
are given in Sections II through V of this report.

(1) Metal Vapor-Rare Cas Discharges.

Metal vapor-rare gas molecules are attractive prospects as the active
media for high efficiency, high power lasers operating at near visible wave-
1enyihs.1’2 Our measurements of the coptical properties of the alkali
metal atom-rare gas molecules have been discussed in earlier reports in
this series. Analyses of these data led us to the conclusion that electric
discharges offered the possibility of efficient excitation of the alkali
metal-rare gas excimers. Accordingly we have been engaged in an experimental
and analytical evaluation of the potential for laser applications of r:%:‘ptl'ic
discharge excitation of one of these systems, i.e., the Na-Xe system. This
report contains a summary of the experimental results to date.

The experimental mecasurements of the optical and electrical character-
istics electric discharges in Na-Xe were made under conditions as close as
possible to those appropriate for laser applicetions. Thus, the high power
(10-100 MW/L) discharges werc operated in a pulsed mode (V4 Hsec) so as to

T 16

: -3
avoid gas heating and at Ka densities of 10 te 10 cu and Xe densities

19 20 =3 LG ; i
of 10 to 10 cm 7 so as to maximize excimer formation. Stable quasi-steady-

state discharges were obtained in a small volume cell without the use of
preionizers or sustainers. This stability is attributed to the observed
positive volt-ampere characteristics of the discharge. Measured spectra
are interpreted to yield excited atom and excimer densities. The measured
excited state fractions for the Na(32P) atoms and for the NaXe(Azﬁ) excimer

state are disappointingly low. These and other excited state densities are




close to those expected for an electron-excited state temperature of
about 0.35 eV instead of about 0.5 eV as required for efficient excimer
laser operation.

The modeling of the NaXe discharge has shown3 that the electron
impact excitation and ionization of highly excited states is much more
important than previously thought. The reworking and generation of
the required electron impact cross sections and rate equations continued

throughout this report period.

(2) Stability of Discharges in Weakly Ionized Gases.

The problem being modeled is ;hc growth and steady-state characteristics
of the cathode fall region of a glow discharge such as used in high power
discharges or discharge enhanced lascrs. This region is particularly
important in high pressure, high current density lasers because of the
large amount of power dissipated in a small volume and the resultant
potential for the growth of discharge nonuniformities, i.e., arcing.

During the portion of this report period for which this project was active,
it was found that scaling laws used in our earlier modeling at relatively low
current densities could be used to correlate a wide range of published

steady-state data.

(3) Electron Excitation of Molecular Metastables.

The technical problem addressed in this project is the prediction of
rate coefficients for the excitation of the upper laser levels under discharge
conditions. Such predictions are extremely valuable in the initial evaluation
and optimization of discharge excited lasers. The present phase of this
project is concerned with the measurement of excitation rate coefficients for

the A3Z: state of the N2 molecule. This metastable state has been proposed as
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an efficient "transformer'" of the discharge power into the energy of various
upper laser levels, e.g., NO and Hg. Our preliminary results sugpest that
previous calculations of excitation rate coefficients for this state are

much too high.

(4) Scattering and Transport of Resonance Ixcitation in Gases.
These experiments are intended to test our ability to predict the role
of nonradiative transport of resonance excitation when metal vapors are optically
pumped by lasers at wavelengths near the center of the resonance lines. Thus
our recent calculaticns of this effect using a previously developed model
predict that the efficiency of optical pumping of the resonance levels of
Na decreases by an order of magnitude at line centier for Na densities of about
3,\:]()]5 atoy ‘/(‘1\3. We have obtained some of the requirved experimental data

but have not made quantitative cowparisons with theorv.

METAl, VAPOR-RARE GAS DISCHARGES.
Drs. H. Rothwell, R. Shuker, A. Gallagher and NMr. D. Leep.

The immediate objective of this project is to determine whether electrical

discharges in mixtures of Na vapor and high prescure Xe are good candidates for

high power, high efficiency visible lasers. We have carried out this evalu-

and emitted radiation f{rom

S
i . O =
pulsed discharges in Na-Xe¢ mixtures at [Na] = 1077-10"" cm and

[Xel = 3-6X1019 cm_3 and current densitics from 10 to 250 A/cmz.

ation by measuring the electrical characterictic

A. Apparatus.

A sketch of the gas cell and discharge region is shown in Fig. 1.
For details see Ref. 4. Temperatures ranging from 350-500°C are used to
maintain Na in the desired saturated vapor density. Since Na vapor reacts

with pyrex and quartz, a sapphire sleeve is used to help confine the
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Fig. la) Discharpge ccll: A, stainless cap; B, quartz jacket, indium
soldered to the top cap and bottom flange; C, water cooling; D,

heater coils; E. firebrick enclosure; F, quartz windows; G,
bottom flange and anode base with indium gasket scal; H, anode
support (kovar); I. cathede support (kovar); J, sapphire tube;
K, pump out and gas inlet.

b) Cross section of discharge region, drawn to scale fpr 5.3 mm gap.
A, sapphire tube; B, cathode (molybdenum); C, anode (molybdgnum);
D, discharge positive coiumn; E, cathode bright spot; F, viewed

region for diagnostics of positive column.
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vapor to the discharge region. An indium solder quartz-metal seal
is used in the present cell and impurities are deemed insignificant
in the data presented below. A distillation procedure for the Na was also
used as a precaution, but identical discharge operation was obtained using
a chip of freshly cut Na placed on the anode just prior to final assewbly.
In addition the rescarch grade xenon was passcd through @ baked-out
titinium sponpe before entering the gas cell,

The discharge region is viewed through four windows in the oven wall.
The physical appearance of the discharge can be photographed with a camera
wvhich is not used for quantitative measvrements. The time dependence of
1ight emitted frow region ¥ in Fig. 1b s monitored by photomultiplier tubes,

each detecting a wavelength region defined by an inteyrference filter. The
filters are chosen to include a wvavelength region in the NaXe excimer band
(670 nm) and one at the Na resonance lincs. The rise time of the associated
electronics is 20 nsec. The spatial intensity distribution in region T

in Fig. 1b is meassured \«'.3' th an SIT vidicon tube, which records the

total light ewitted in the 630-640 nm wavelength region during o

dincharype pulse. The dischar: spectrum is meEasured with

2 scanning 0.5-m spectrometer with ~3 & resclution. The associated
photomultiplier output is sampled in a specific time interval, typically
centered at 2 psec after onset of the discharge. Repetitive discharges
are necessary for accumulation of a spectrum; the discharge repetition rate
is limited to 10 Hz to avoid possible gas heating. The spectral

sensitivity of the spectrometer and the photomultiplier sensitivities, as

filtered, are mecasured using a diffuse reflector, illuminated by a calibrated
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tungsten fodiode lamp, in place of the discharge. The inter-electrod

current and voltage are monitored by a comnmerical current transformer

and high voltage probe.

B. Discharge Stability.
In order to allow comparison to steady-state wmodels we have we
the discharge in a current-regulated, constant-curient wmode for sewveral
microscconds following initial preionization. Precionization by a wv
flashlamp and by multiphoton ionization with a dye laser was investip.
but found to be unnccessary to maintain discharge stability. Yor the did
presented the discharge was initiated by applying a voltage of ~4 i
0.5 cm gap, using a current-regulated pentode tube circvit. After 0.2
psec, depending on densities, the current increased rapidly and discha
the electrode capacitances. Yollowing ~1 psec of ringing, the voltage
gettled in the neighborhood of 100 V with the discharge current regu
at 1-20 A. The current, voltage, and light output for a reprecentatis

set of conditions are reproduced in Fig. 2.

As can be seen in Fig. 2, the discharge voltage slowly sagged &

| X

130 Afew” pulse iz ~70°C in region ¥ of Yig. Ib. As an example of a lowg
. ’ 2 .
discharge, a 7 A/cu” pulse was held on for ~100 psec, representing a fas
heating of ~200°C in region A. These pulses were terminated to protect
the current regulating tetrode, so these values represent Jower limits
tocthe feasible energy deposition.
Initially, molybdenum button electrodes were used. Using only Xe vapo

20

9 - ¢
at ]0)'— 10 cm . density, a single filamentary arc would discharge between

the clectrodes, as is normally observed in pure noble-gases. But
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at [Na) > ]0]4

cm’3, the discharge homogencously filled the volume between
electrodes at a curvent 1 £ 0.5 A. At I 2 1 A, the discharge would sprcad
out from bright cathode spots, with the number of spots increasing with T.
With the onsct of cathode spots, the cathode fall voltage dropped from

~150 V to~20 V. 1In order to contyol the positions and mumber of cathode
spots, a confcal molybdenum cathode of 90° full angle and buffed to a
rounded point was then used. This cathode, combined with a 5 mm diamecter
flat anode was used for the results reported here. The electrode gap was
normally 5.3 mm, except for a respacing to 10.0 mm to establish the fraction
of the total voltage attributable to the cathode fall. At all [Nal, [Xel,
and currents (1-20 A) studied the discharge spread out from a small, bright
spot at this cathode point into a homegenecous volume discharge, as indicated
in Fig. 1b. The width of the discharge in the glow region (region ¥ in Fig.
1b) was measured and found to increase with increasing I and decreasing N,
with the anode size clearly limiting the discharge arca in some cases. The
size of the bright cathode spot and the widths of the glow discharge region

were essentially constant during the several microseconds of discharge.

C. Results.

The emission spectrum is shown in Fig. 3 for two discharge conditions.

The contribution of the NaXe A-X band,’5 the 4SE-XI band,6 and the Na, A-X

2
7 ; o ; j
band® are identified in the figure along with lines from higher lying Na
levels. The top spectrum is from the I < 0.5 A, homogeneous glow mode
‘s 2 .
(current density ~7 A/en”). With the exception of a few Xe I lines beyond

800 nm aud a trace amount of potassium, all emission from this discharge

is attributed to excited Na. In the lower half of Fig. 3 spectra from two
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[Ra]) = 6.8>:J0]J; [¥e)] = 2.8x 10]9/cm'; current density = 7 A/cmz;
inter-clectrode voltage = 100 V. Bottom spectrum: K+G, from an
8 mm wide, 2 mm high zone that includes the cathode bright spot;
G, from region F in Fig. 1b, in the pvsitiv( column; K, difference
between K+ G and G spectrum, attributed to cathode bright spot.'
[Na) = 6.3 1015/cm3; [Xe) = 4.4’<1019/cm3, current density = 130

. ~-18 2 ; . il . “thermalized

Alen”, E/N = 3x10 V-cm®. The Naz(l\ux) bands, from a thermaliz

A-state, at the indicated temperaturcs, are from Ref. 7.
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different spatial regions are compared. The solid line curves, G,
is representative of a high current density (~130 A/cm2) discharge spectrum
for light emitted from the positive column region, region ¥ in Fig. 1b. The
curve labeled K + G is typical of light originnting from a ~2 nm high, 4
wide zone that includes the cathode., Since light from outside the cathode
spot is dncluded dn this, we have estimated the spectrum of the cathode
spot by subtracting the spectrum of zonc A, normalized to remove the Na
lines in the K + G spectrum. This yiélds the line labeled K, which is
assumed to characterize the cathode spot. This spectrum looks like a
thermal continuum, and is similar o a high-pressurc Xe flashlamp spectrumn,.

The dotted line labeled NaXe is the shape of the A-X band, as measured
in Ref. 7 and adjusted to our operating temperature. The minqr difference
in the shape of the dotted curve could be duc to an elevated vibrational
temperature of the NaXe® A state. This could be due to electron
collisions with Nan* plus gas heating.

The regular intensity undulations in the 720-780 nm region in Fig. 3
are attributed to the Na, A-X band; as thcy match the expected positiors

2
cf the A-X band peals. The cwission spectrum fron the Kuz A-state with
an 850 K thermal population distribution is shown in the top and bottom
of Tig. 3, with an intensity sufficient to explain the observed intensity
undulations in each case. 1In order to explain the total intensity in
the 720-800 mm region for the 130 A/cm2 case we then need to postulate

an additional broad continuum, with intensity ~4 in units of Fig. 3; this

appears consistent with the observed intensity in the 470-550 nm region.
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However, the 720-800 nm intensity could also be attributed entirely to

Na. A-X band from a thermal A-state population distribution at ~1100 K,

2

as shown in the bottom of Fig. 3. Such an elevated temperature distribution

could casily result from A-state collisional destruction before complete
The broad feature observed at 810 nm in hoth

7

spectra way alsoe be the lin?, A-% band satellite, but as can be inferred

vibrational relaxation.

from the two Na. bands shown in Fip. 3 it is necessary to invoke a

nonthermal  A-state population distribution to explain both the satellite

intensity and the magnitude of the Intensity undulations in cither spectrum,

A=Y band intensity thus remadns sowmevhal uncervtain, and

The actual N;xz

Ra, f-state atoms ave being depleted relative to

<

one canunot tell if

kaXe A-state atoms at the higher current densities. Such depletion of H.’s? :

and A-state molecules is expected to occur at high current densities, due to

clectron collisional dissociation of the X and A states.

Absolute intensity measurements of the NaXe A-X band, from region

F in Fig. 1b, are reduced to a Na 3P density [Ra(3P)) using the normalized

and the measured effective areca.
S

emission data of Ref. 5

Yrom this density, calcuolated transition probabilities, and the discharp

cross scctional arca we can establish thot, except for the 45-3P and 3D-3p

transitions, the n$-3P and nD-3P lines in Fig. 3 are optically thin. The

total intensity from these line shapes thus cquals [Na(nS))r S-3p and
nsS-

{Na(maD) )T where T is the spontancous cmission rate. The resulting

nh-3r°
axial densities of varjous excited Na states, divided by their statistical
weights, arc plotted in Fig. 4 for two current densities. A lower limit

to the residual (un-ionized) [Na(35)) in the discharge can be obtaiued

by subtracting the electron density n.»
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an initial [Na] = 6.3 x 10 cm'-3 (o), and current density

=130 A/cm2 (e); 13 A/cm2 (x). The density of [Na(3S)] during the
discharge is indicated as (o) or (x); the 3S, 3P and nD, n=4-8,
state ﬁopuIAtions are given. The straight lines correspond to
0.38 eV and 0.33 eV excitation temperatures in the 130 A/cm2

and 13 A/cm2 cases.
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) 3,9
obtained from the measured current density and calculated mobilities, L

from the initial Na density [Na]o. Some of the clectrons may result from
Xe ionizatiou, but as nc/[l\":x](J < 0.35, this is not a major uncertainty.
The resulting residual Na densities as well as !E‘l::]o arc plotted in Vig. &
It is noteworthy that for cach j the measured populations fall nearly on a
straipght line conresponding to a single excitation tenperature.

By varying the electrode gap the voltage drop attributed to the cathode
fall has been determined to be ~15 V, out of a typical total voltage drop
of 50-100 V. Thus the eclectric field E in the positive column is known from
the electrode voltages. In Fig. 5 E/N and [Ra(31)]/[Na(3S)]) are plotted
as a function of j/N for the range of conditions covered in the experiment
(X = [Xe]). Since the discharge arca incrcases with celld curreat (I), j
does mot cover as large a range as J. An extremely valuable result
displayed by Fig. 5 is the positive-resistance cheracteristic of the
discharge, a condition that scems to be clocely comnccted to the absence
of discharge instabilitics and the spreading of the discharge with

incressing 1.

The ratio [N.’n"“(f’ti')}/'[i\';.(jSS)]O ~0.01 achieved in the discharge (sce
Fig. €) de dnsvfficient for net optical gain on the A-X band at X ~ 700 wm,
where the gain coefficient is relatively larpe (d.e., [Na*][Nn]_I(g;/g*)oxp
(-—h(v~v0)/k'l‘) nust exceed 1), a5k There is net gain on this band in the
800-900 nm region, but the gain coefficient is quite sma]l.10 When Na(3S)

depletion is allowed for, as in the lines in Fig. 5, it appears that

[Ra*(3P)]/INa(35)] might reach the desired 0.03 to 0.05 values at
3 -2 ‘
jNolN > 10 A cm 7, but the gain coefficient would be small due to neutral

Na depletion, and efficiency would be very low.
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We have not measured the Na*(45) density, but if it is assumed to fit
on the line in Fig. 5, then using the same criteria based on h(v—vo)/kT vhere
hvo is the 3s- 4g transiticn energy, [Ra®(4S))/[Ra(38)] is also
insufficient for ncet gain on the 4SY-YE band. 1f Ra could be dntroduced
at siwilar densitics but Jower gas temperaturcs (e.g., using volatile

Ka-containing molecules or pas flow) net gain and a larper pein coefficient
could be achieved on the A-X and 458-XY bands. MNowcever, this is an added
level of complexity and possible accompanying problems with the discharge
behavior might occur as well,

The single effective excitation temperature for almost all of the excited
states of Na is quite surprising. Note that we have recently obtained evidence
for significant departures from the single tewperature behavior in similar
discharges in T%-X¢ mixtures. We therefore plan to devote most of the
effort during the next reporting period to developing an understanding of
the factors controlling the deviations from single temperature behavior, This
understanding is essential to the future development of metal vapor and other
high power density electric discharge lasers. As indicated in Section T

1

the modeling portion of thie project has already started on this work through the

acco ation and evaluation of cross section ¢ 1o coefrficient data concerned

with the excitation and deexcitation of excited atoms by low energy electroms.

STABILITY OF DISCHARGES IN WEAKLY IONIZED GASES.

Drs. H. C. Chen (Lo 4/77), W. L. Morgan (from 6/76) and A. V. Phelps.

In the last semiannual report we presented a summary of the techniques
we have developed for the modeling of the growth of the cathode fall region of
a glow discharge such as found in high pressure lasers. During the portion

of this reporting period before the end of Dr. Chen's appointment, the results
PP
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of our cathode fall model were compared with the available experimental data.
The principle results of this cowparison are shown in Figures 6 and 7.

In Figure 6 we show the "raw data" of the experfment and theory for cathode
falls in helium. This plot takes advantage of the scaling laws formulated
earlier so as to plot all of the available data in a form which should yield
unique curves of cathode fall voltage and sheath thickness times pressure

vs. current density divided by pressure squared. The scale at the top of
Figure 6 is appropriate to discharges in helium at a pressurc of 1000 torr.
We see that the open points representing rclatively low pressure cxperiments
and the solid points representing high pressure theory do scale as expected.
The solid lines are the results of a very simple steady-state model in which
the secondary emission coefficient and electron and ion meobilities are assumed
constant and only the positive ion space charge is taken into account.

The data of Figure 6 has been replotted in Figure 7 so as to show the
power dissipation and electric field strength to gas density ratio to be
expected in the cathode fall region. TFor cwxample, this scaling indicates
that for a current density of 100 A/cm2 at 1000 torr the cathode fall

voltage is 400 volts, the sheath thickness is 10 Vm, the power inprt to the

N
sheath is 40 kW/Lmz or 40 MW/cm™, and the average electric field strength

5 ¢ : :
is 107 V/em. It should be kept in mind that this scaling neglects gas and
electrode heating as in a very short pulsed discharge, e.g., 10 ns. ‘
Also, essentially no quantitative experimental data is available or likely

to become available for quantities such as sheath thickness at these high

pressures.




107}

§ o ‘-..“o
.

~19-
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scale shows current densities for a discharge in helium at 1000 torr.
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CURRENT DENSITY FOR 1000 Torr, A/cm?

1071 1 10 102 103 e
10

L L T i e e s e e

~—

i

fod
o
'

TTT]

)

107

.
D S
-
] i

g
TTT]

i

POWER DISSIPATED IN SHEATH, watt/:mz Terr

-~

-4_._1,_,_]%:1! BN X ¢ R ILL! L

10”7 in 2 10°° 1074 1072 107

¥ o

10

2

NORMALIZED CURRENT DENSITY (§i/p?), A/cm2-Torr2

Fig. 7. Power input and mean E/N value for cathode fall region of discharges

in helium.




=21=

IV. ELECTRON EXCITATION OF MOLECULAR METASTABLES

Drs. D. Levron and A. V. Phelps.

The objective of this project 1s the measurement of excitation and

destruction rate coefficients for metastable states of molecules of interest

in proposed high powver visible lasers. In particular we have been making

preliminary measurewments of electron excitation rate coefficients

; i - 3 .
end quenching rate coefficients for the A LL metastable state of N, .

2

This metastable state is reported to have a high efficiency for excitation

: 3%
transfer to potential upper laser levels such as the A™Y state of NO or to

the 3P levels of Hg.

huring this report period most of the effort has been directed toward

| the isolation of the emiscicn spectra from the v=0 and v=1 levels of

b ] - .
QCCaN

3ok
the A L, state, the measurement of the conetonts and quenching

rate coefficients for these levels, and the interpretation of these data

so as to yield the contribution of each vibrational level to the total electron

e

excitation coefficient for

a

5 Ry
the A ;Rt state. It has bhecome apparent thal

quantitative understanding of the roles of

the v=0 and v=1 vibrational levels

required still further improvements in the uv calibration and the tim

he detection system. These improvements have be

I

F 0l . . . ‘

| and will be used during the next reporting period.
¥

|

|
| V. SCATTERING AND TRANSPYORT OF RESONANCE RADIATION,
Drs. A. Zajonc and A. V. Phelps.

The immediate objective of this project is the testing of theories of

radiative and nonradiative transport of resonance excitstion in sodium vapor

at wavelengths near the peak of the resonance lines. As indicated in
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Section I, the present emphasis on the effects of nonradiative transport
of resonance excitation arises from its potential importance in understanding
and predicting the decreasce in the efficiency of laser pumping experiments
when pumping occurs at line center.,
Recent work has been concerned with the improvement in the procedures
for the transfer of sodium inte the experimental cell, the improvement of
the normalization of measured fluorescent intensities to account for
changes in laser intensity and beam position and focusing, the preliminary
measurement of fluorescent intensities and line profiles, and the modification
of the computer codoll which predicts the measured spectral intensities.
Figure 8 shows the predicted variation in the fluorescent intensity
as the incident lascr is tuned through the resonance. 1In this case the laser

is tuned through the D, line of Na (589.0 nm) and the monochromator and detector

1

are adjusted to observe the fluorescence of the “2 line (589.6 nm). The solid

curves are calculated assuming no reflection of excited atoms striking the

window of the cell. The curve labled D assumes that the diffusion coelficient
. : 12 , .

for the excited atoms is the value calculated using the conventional

formulas for the frequency of excitation transfer collisions to determine

1 fluorescence

the mean-free-path. The other two solid curves show the expectec
vhen the diffusion coefficient for the excited atome is increased or decreased
a factor of 10. The dashed curve shows the profile expected when the reflection
coefficient for the excited atoms at the window is increased to 100%.

Lo - =3 ; "
We see that at a sodium density of 10~ cm ~ the predicted reduction in fluores-
cence and pumping efficiency at line center due to nonradiative transport is
about a factor of five. During the next reporting period we expect to modify the

theory to include hyperfine structure, to complete the fluorescence measurements

and to compare theory and experiment.
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